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FOREWORD 
The Applied Phys ic s  Laboratory i s s u e s  t h i s  Quar t e r ly  Report  series 

t o  provide a u s e f u l  record of its a c t i v i t i e s  f o r  t h e  Bureau o f  Naval 
Weapons and the defense e s t ab l i shmen t .  This  series of r e p o r t s  is or- 
ganized  in six volumes by major Laboratory program and s e c u r i t y  classi- 
f i c a t i o n ,  as fol lows:  

Programs Unc las s i f i ed  No. C l a s s i f i e d  No. 

Weapon Systems 

Research and Development U-RQR/65-2 
Space Programs U-SQR[65-2 

Sur face  Missile Systems 
P o l a r i s  Support  

WQR/65-2A 
WQR/SS-ZB 

C-RQR/65-2 
C-SQa/65-2 

T h i s  numbering system f o r  t h e  six baa ic  volumes u s e s  the , , fo l loa lng  
nomenclature. The d e s i g n a t o r  for Quar t e r ly  Report ,  "Qa, is preceded 
by a letter i n d i c a t i n g  t h e  scope of t h e  r e p o r t  ( i . e . ,  W'' f o r  Weapon 
S y s t e m ,  *Wr f o r  Research and Development, and "S" f o r  Space Program. 
The scope  d e s i g n a t o r  is preceded by "C" or "U" t o  i n d i c a t e  " C l a s e i -  
f i e d "  o r  YJnc la s s i f i ed , "  r e s p e c t i v e l y ,  when both a c l a s s i f i e d  and an 
u n c l a s s i f i e d  volume a r e  i s sued .  Following t h e  QR des igna to r  is t h e  
yea r  i n d i c a t o r  (e .g . ,  "65") and then a number from 1 t o  4 t o  d e s i g n a t e  
t h e  a p p r o p r i a t e  q u a r t e r  of t h e  ca l enda r  year .  When a volume m u s t  be 
f u r t h e r  subdiv ided  t o  f a c i l i t a t e  appropr i a t e  d i s t r i b u t i o n ,  t h e  qua r t e r -  
d e s i g n a t i n g  number is followed by an  a r b i t r a r y  let ter (A, B, C ,  ... ) 
t o  d i s t i n g u i s h  between d i f f e r e n t  s u b t i t l e s .  

The Quar t e r ly  Reports use  t h e  format o r i g i n a t e d  f o r  t h e  APL/JHU 
Aeronaut ics  D iv i s ion  Quar t e r ly  Review in which each t o p i c  is presen ted  
on a s i n g l e  s h e e t  of paper and each is keyed to its proper  program, 
t e c h n i c a l  i n s t r u c t i o n ,  Laboratory group, and suppor t ing  agency. Using 
t h e  pages p r i n t e d  f o r  t h e  b a s i c  Qa's,  the Labora tory  is a b l e  t o  pre- 
pa re  Div i s ion  q u a r t e r l i e s  and o t h e r  special-purpose r e p o r t s  as r equ i r ed .  
Each such  spec ia l -purpose  r e p o r t  h a s  its own scope i n d i c a t o r  letter 
preceding  t h e  QR bu t  uses a c l a s s i f i c a t i o n  i n d i c a t o r  only i f  i t  is 
d i v i d e d  i n t o  c l a s s i f i e d  and u n c l a e s i f i e d  volumes. 

L i s t s  approved by t h e  Bureau of Naval Weapons f o r  t h e  i n i t i a l  d i s -  
t r i b u t i o n  of t h e s e  documents e x t e r n a l  t o  t h e  Applied Phys ic s  Labora- 
t o r y  a r e  p r i n t e d  in t h e  back of each Quarterly Report  volume. D i s t r i -  
b u t i o n  is made by the  D i s t r i b u t i o n  P r o j e c t  of t h e  APL Technica l  Repor ts  
Group. 
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Section II 
POLARIS SUPPORT 

Polaris &h 11 lse Booster and T h r u s t  
Au m n - - T h e * i =  xm= t h e  
h r s t - s t a g e  rocke ts  by s u p e r s o n i c  
a f t e r b u r n i n g  of ram-collected a i r  wi th  fuef-  
r i c h  exhaus t  gases  is being i n v e s t i g a t e d  mith 
s t u d i e s  based on t h e  P o l a r i s  A3 and 8ir i lar  
v e h i c l e s .  P r e s e n t  s t u d i e s  8re concerned with 
a 26-inch-diameter booster, as it has  been sug- 
g e s t e d  t h a t  f i v e  26- inch-d ia~eter  miaailes 
could  be used in each missile tube  a b o u d  a 
s u b r a r i n e  to i n c r e a s e  potential  d i 8 t r i b u t i o n  of 
weapons. 

To provide d a t a  needed t o  d e s i g n  a i r  in- 
le ts  and o t h e r  aerodynamic devices  l o c a t e d  a t  
t h e  a f t  end of the  missile c o n f i g u r a t i o n ,  addi- 
t i o n a l  a n a l y s i s  was made of t h e  boundary-layer 
c h a r a c t e r i s t i c s  on long c y l i n d r i c a l  m i s s i l e s  
a t  supersonic  speeds,  using boundary-layer pro- 
f i l e  measurements s u p p l i e d  by NASA (11/8). 

a i m e d y t  o b t a i n i n g  h igher  enthalpy o p e r a t i o n  
to  e i m u l a t e  more c l o s e l y  the environmental  
c o n d i t i o n s  encountered during re -en t ry  a t  high 
Mach number. Forty-four  runs w e r e  made with  
t h e  al l -copper  arc; twenty rere tests of abla-  
t i o n  m a t e r i a l s  ( I I /11) .  

A r c  Besearch--Arc hea ter  development is 
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POLARIS SUPPORT I1/8 
High Impulse Booster and Thrust Augmentation 

Support: SP-001, Special Projects Office (Polaris) 
R H. Cramer 

P61 B BA 

January - June 1965 

BOUNDARY LAYERS ON LONG 
CYLINDRICAL MISSILES AT 
SUPERSONIC SPEEDS 

It is common p r a c t i c e  t o  estiute boundary- 
l a y e r  c h a r a c t e r i s t i c s  on long  c y l i n d r i c a l  ris- 
sile shapes by appe8l  t o  f l a t - p l a t e  theory and 
r e s u l t s ,  u s i n g  t h e  g e o r e t r i c  d i s t a n c e  me8sured 
from the nose a s  t h e  l e n g t h  appropriate to in- 
sert in t h e  Reynolds number formula. Undis- 
t u r b e d ,  f r e e - s t r e u  c o n d i t i o n s  a r e  o f t e n  used 
as the e n g i n e e r i n g  approximations f o r  the ve- 
l o c i t y  and k i n e u t i c  v i s c o s i t y  which e n t e r  the 
Reynolds number determin8t ion.  I n  o r d e r  t o  
execute  a r a t i o n a l  design f o r  many a f t - l y i n g  
aerodynamic components p e r t i n e n t  to  long 
s lender  missile conf iguratione, it is p a t e n t l y  
clear t h a t  conf i rmat ion  is r e q u i r e d  in regard 
t o  t h e  accuracy and a p p l i c a b i l i t y  of such crude 
engineer ing  m o d e l s  f o r  t h e  r e a l  flow. I n  par- 
t i c u l a r ,  it is highly  desirable to  know lmw to 
estimate the  boundary-layer t h i c k n e s s  a t  a f t  
locations where an a i r  i n l e t  u y  be pos i t ioned .  
In f a c t ,  many fluid-mechanic devices ,  such as 
c o n t r o l  s u r f a c e s  or bleed-scoops, owe the i r  
e f f e c t i v e n e s s  to  the e x t e n t  of the boundary 
l a y e r  and the s ta te  of the flow i n t e r n a l  to and '  
immediately outboard  of the edge of  the bound- 
ary- layer .  Precise p r e d i c t i o n  o f  such boundary- 
l a y e r  characteristics, under re8listic con- 
d i t i o n s ,  is often of crucial Importance in the 
aerodynamic des ign  of  long  s l e n d e r  m i s s i l e s .  
Although t h e o r y  and t h e  few tests t h a t  have 
been made t e n d  to  i n d i c a t e  t h a t  there should be 
a minimum of discrepancy between f l a t - p l a t e  
r e s u l t s  and cy l indr ica l -body f i n d i n g s ,  provided 
the nose is n o t  too b l u n t ,  and provided the 
r a d i u s  of t h e  body of  r e v o l u t i o n  is many times 
l a r g e r  than the boundary-layer t h i c k n e s s ,  sub- 
s t a n t i a t i o n  is needed t o  e s t a b l i s h  t h a t  t h e  
e x t e n s i v e  body of information concerned w i t h  
f l a t - p l a t e  bound8ry l a y e r s  r e a l l y  is a p p l i -  
c a b l e  to c y l i n d e r s  under commonly let circum- 
s tances .  

SUMMARY AND CONCLUSIONS 
Boundary-layer p r o f i l e s  have been l e a s u r e d  

by NASA (see Ref. 1) f o r  174 sets of c o n d i t i o n s  
on three long  slender-body c o n f i g u r a t i o n s  con- 
s i s t i n g  o f  a c i r c u l a r  c y l i n d e r  preceded by (a) a 
s h a r p  cone of  10" h a l f  angle, (b) a herispheri- 
c a l l y  b l u n t e d  cone of 22.5' ha l f  angle ,  w i t h  
r a d i u s  o f  t h e  hemisphere one-half of that of  the 
c y l i n d e r ,  and (c) a f u l l  hemispherical  head-cap 
to  the c y l i n d e r .  Four a l t e r n a t e  t y p e s  of t r i p  
were used t o  conver t  t h e  boundary l a y e r  t o  the  
t u r b u l e n t  type  (a l though a l l  t r i p s  appear  t o  
g i v e  n e a r l y  t h e  same a c t i o n ) .  The Mach numbers, 
Y,, ranged f r o m  1.44 to  4.55 and the Reynolds 
numbers, WRe, (determined a s  mentioned above) 
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ranged from 1.10 t o  9.97 x lo6. 
side of t h e  boundary l a y e r  w a s  found t o  be 
honentropic  f o r  t h e  s h a r p  cone, bu t  the entropy 
g r a d i e n t  caused by t h e  b l u n t e r  noses  was p l a i n -  
l y  ev ident .  Typical  p r o f i l e s ,  r e p r e s e n t a t i v e  
of  t h e  t h r e e  nose shapes,  are shown in Fig.  1. 
I t  should be noted t h a t  t he  v e l o c i t y - d e f e c t  
law ( g i v i n g  a s t r a i g h t  l i n e  v a r i a t i o n  on 8 s e m i -  
l o g  p l o t )  ho lds  f o r  the boundary l a y e r ,  re- 
g 8 r d l e e s  of nose shape and induced en t ropy  
g r 8 d i e n t e  i n  t h e  e x t e r n a l  f i e l d .  

The flow out- 

BACKGROUND AND CONCLUSIONS 

The Ames Laboratory of NASA has provided 
APL w i t h  boundary-layer-prof ile measurements 
(ltef. 1) u d e  at  the a f t  end of a long  c y l i n d e r  
( f i n e n e s s  ra t io  = 9) f o r  a d i a b a t i c  test condi- 
tions. The r e s e r v o i r  temperature was approxi-  
mately 56O"R i n  a l l  cases w h i l e  the p r e s s u r e s  
ranged from 6 t o  55 lb / ina .  Survey s t a t i o n s  
w e r e  l o c a t e d  9.5 and 11.1 inches  downstream of 
t h e  j u n c t u r e  between the nose and the c y l i n d e r .  
The local Reynolds number based on t h e  geo- 
metric d i s t a n c e  x ,  measured from the t i p  of the 
nose,  and al lowing the v e l o c i t y  and kinematic  
v i s c o s i t y  t o  have their free-stream v a l u e s ,  
ranged from 1.10 t o  9.97 x l&, while  t h e  free- 
stream Mach number v a r i e d  between 1.44 and 
4.55. Three d i f f e r e n t  nose shapes were used a8 
descr ibed  under Summery and Conclusions.  Such 
a systemat  ic series of  boundary-layer measure- 
ments on c y l i n d e r s  i n  the Mach number and 
Reynolda number range of immediate i n t e r e s t  t o  
m i s s i l e  d e s i g n e r s  is not  t b  be found elsewhere.  

A l l  the d a t a  followed the v e l o c i t y - d e f e c t  
l a w ,  r e g a r d l e s s  of  the i n f l u e n c e  of the  en t ropy  
changes occasioned by the passage of  the f low 
through t h e  d i f f e r e n t  k i n d s  of nose-shock. 
The previous  report (Ref. 2 )  on these p r o f i l e s  
i n d i c a t e d  the adherence to t h i s  l a w  of three 
c a s e s  r e p r e s e n t a t i v e  of the three d i f f e r e n t  
nose shapes; i.e., when p l o t t e d  on a semi-log 
s c a l e ,  a l l  p r o f i l e s ,  r e g a r d l e s s  of nose shape, 

SYMBOL NOSE SHAPE (WIRE TRIP) 

10' HALF-ANGLE SHARP CONE 
22.5' HALF-ANGLE HEMISPHERI- 

CALLYBLUNTEDCONE 

w)o - 
0 
-t 
5, 
> 
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1500 
0.01 0.02 0.040.1o.mo.io 0.20 o.u)o .6oo .~o1.oo  

y (inches) 

Fig. 1 Comparison of Turbulent Flow Velocity Profiles, 
Far Aft  on Fineness-Ratio-9.0 Cylinder, with 
Variant Noses. (76537) 
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showed a s t r a i g h t  l i n e  t r e n d  wi th in  the  bound- 
a r y  l a y e r .  This i l l u s t r a t i o n  i s  repea ted  he re  

i now (Fig. 1 )  with c o r r e c t  numbers, t o  r e c t i f y  
a computational s l i p  made p rev ious ly  (however, 
no th ing  needs t o  be a l t e r e d  i n  t h e  numerical  
de te rmina t ion  of t h e  boundary l a y e r  t h i c k n e s s ,  
6 ,  nor i n  t h e  power-law p r o f i l e  index, n ,  a s  
r e p o r t e d  p rev ious ly ) .  

S ince  only a very  sma l l  e f f o r t  was devoted 
t o  t h i s  p r o j e c t  r e c e n t l y ,  no s i g n i f i c a n t l y  new 
r e s u l t s  have been obta ined .  Routine a n a l y s i s ,  
however, has provided t h e  va lues  of n i n  t h e  
power-law p r o f i l e  def ined  as 

u/ue = (Y/SP/" 
where U is the  v e l o c i t y  w i t h i n  the  boundary 
l a y e r ,  a t  t h e  f r a c t i o n a l  d i s t a n c e  y/6 from the  
wa l l ,  o u t  toward t h e  edge of t h e  boundary l a y e r ,  
where t h e  e x t e r n a l  v e l o c i t y  is Ue. 

The complete assemblage of such va lues  of n 
i n d i c a t e s  t h a t  n i n c r e a s e s  a s  a f u n c t i o n  of Ma 
when Reynolds number is he ld  c o n s t a n t ;  i n  f a c t ,  
a t  an  average Reynolds number and average Ma 
f o r  t h e s e  tests t h e  va lue  of n is about  8.8, s o  
t h a t ,  under such cond i t ions ,  t h e  fo l lowing  law 
holds  approximately: 

where t h e  average Value of M, f o r  t h e s e  tests 
is about 2.87. 

cons t an t  Reynolds number is c o n t r a r y  t o  t h a t  
p r e d i c t e d  by D. A. Spence i n  Ref. 3, for  a f l a t  
p l a t e .  The v e l o c i t y  p r o f i l e s  used by Spence t o  
suppor t  h i s  s ta tement  were ob ta ined  on t h e  s i d e -  
w a l l s  of t h e  NOL two-dimensional Tunnel No. 4 
a t  hypersonic speeds  (5 < M, < 8 ) .  Recent d a t a  
ob ta ined  by NASA (Ref. 4) i n d i c a t e  t h a t  bound- 
a r y  l a y e r s  obtained on two-dimensional t unne l  
w a l l s  a r e  f a r  from be ing  two-dimensional; t hus ,  
i t  appears  unsafe to  i n f e r  t h e  t r e n d  of n from 
such  tunne l  wall measurements. The va lue  of 
t h e  p re sen t  da t a ,  t aken  o n  an i s o l a t e d  long  
body, is enhanced because t h e s e  boundary l a y -  
ers are f r e e  of cross-flow contamination, whi le  
c u r v a t u r e  e f f e c t s  a r e  p r a c t i c a l l y  nonex i s t en t .  

n = 4.44 + 1.53 M, 

This  behavior of n a s  a f u n c t i o n  of I, f o r  a 

FUTURE PLANS 
Boundary-layer t h i c k n e s s e s ,  6 ,  have been 

determined a s  desc r ibed  above, so a t t empt s  w i l l  
be  made t o  p red ic t  t h e s e  th i cknesses  a s  func- 
t i o n s  o f  Mach number and Reynolds number, u s ing  
t h e  information on how n v a r i e s  as a func t ion  

of Mach number and Reynolds number. Such a 
c o r r e l a t i o n  should  not  be d i f f i c u l t  t o  e s t ab -  
l i s h  because ( s e e  Ref. 5) : 

6/x = ( (n+1 iF+2)  + 0.272 M 2 ) C F  

where CF is t h e  average  s k i n  f r i c t i o n  co- 
e f f i c i e n t ,  and where a d i a b a t i c  flow is assumed. 
The r a t i o  of compress ib le  to incompress ib le  
s k i n  f r i c t i o n  c o e f f i c i e n t  g e n e r a l l y  is con- 
s i d e r e d  to  be una f fec t ed  by Reynolds number 
v a r i a t i o n ;  consequent ly ,  a s imple  eng inee r ing  
r e s u l t ,  f o r  a d i a b a t i c  flow c o n d i t i o n s ,  a s  
exper ienced  i n  t h e s e  tests, is ( see  Ref. 6 ) :  

2 -0.67 c /c = ( 1  + 0.128 M, ) Fine 
Thus, a combination o f  t h e s e  equa t ions  should  
provide  t h e  means f o r  making a c o r r e l a t i o n  o f  
boundary layer  t h i c k n e s s ,  6 ,  on  a l o g i c a l  b a s i s .  
The a l t e r n a t i v e ,  f o r  eng inee r ing  e s t i m a t e s ,  is 
t o  use  an e m p i r i c a l  r e s u l t ,  ob ta ined  simply by 
p l o t t i n g  t h e  measured th i cknesses  ( f o r  a selec- 
t e d  M,) a s  a func t ion  of Reynolds number, a s  
ob ta ined  i n  t h e  p re sen t  t es t s .  
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BOUNDARY LAYERS ON LONG 
CYLINDRICAL MISSILES AT 
SUPERSONIC SPEEDS 

It  ia common practice to  estimate boundary- 
l a y e r  c h a r a c t e r i s t i c s  on long  c y l i n d r i c a l  mis- 
si le  shapes by appea l  to f l a t - p l a t e  theory and 
r e s u l t s ,  u s i n g  t h e  geometric d i s t a n c e  measured 
f r o m  t h e  nose a s  t h e  l e n g t h  a p p r o p r i a t e  to in- 
sert in t h e  Reynolds number formula. Ondis- 
tu rbed ,  f r e e - S t r e M  c o n d i t i o n s  are o f t e n  used 
as t h e  e n g i n e e r i n g  approximations for the ve- 
l o c i t y  and k i n e u t i c  v i s c o s i t y  which e n t e r  t& 
Reynolds number determinat ion.  
execute  a r a t i o n a l  des ign  for many a f t - l y i n g  
aerodynamic components pert i n e n t  t o  long 
s l e n d e r  m i s s i l e  c o n f i g u r a t i o n s ,  it is p a t e n t l y  
c l e a r  tha t  conf i rmat ion  is r e q u i r e d  i n  regard  
t o  t h e  accuracy and a p p l i c a b i l i t y  of such crude 
engineer ing  models f o r  the r e a l  flow. In par- 
t i c u l a r ,  it i a  highly  d e s i r a b l e  t o  k n o w  how to  
estimate the boundary-layer t h i c k n e s s  a t  a f t  
l o c a t i o n s  w h e r e  an a i r  i n l e t  may be pos i t ioned .  
In f a c t ,  many f luid-mechanic  devices ,  such as 
c o n t r o l  s u r f a c e s  or bleed-scoops. owe t h e i r  
e f f e c t i v e n e s s  to the e x t e n t  of the boundary 
l a y e r  and the s t a t e  of the flow i n t e r n a l  t o  a n d '  
ilamediately outboard of the edge of the bound- 
ary- layer .  Precise p r e d i c t i o n  o f  such  boundary- 
l a y e r  c h a r a c t e r i s t i c s ,  under r e a l i s t i c  con- 
d i t i o n s ,  is often o f  c r u c i a l  importance in t he  
aerodynamic design of long s l e n d e r  m i s s i l e s .  
Although theory  and t h e  few tests t h a t  have 
been made t e n d  t o  i n d i c a t e  t h a t  t h e r e  should be 
a minimum of discrepancy between f l a t - p l a t e  
r e s u l t s  and cy l indr ica l -body f i n d i n g s ,  provided 
the nose is n o t  too b l u n t ,  and provided the 
r a d i u s  of t h e  body of r e v o l u t i o n  is many t i m e s  
l a r g e r  than the boundary-layer t h i c k n e s s ,  sub- 
s t a n t i a t i o n  is needed to  e s t a b l i s h  tha t  the 
e x t e n s i v e  body of i n f o m t i o n  concerned w i t h  
f l a t - p l a t e  boundary l a y e r s  r e a l l y  is a p p l i -  
c a b l e  t o  c y l i n d e r s  under co laonly  m e t  circum- 
s t a n c e s .  

SUMMARY AND CONCLUSIONS 
Boundary-layer p r o f i l e s  have been measured 

by NASA (see Ref. 1) f o r  174 sets of c o n d i t i o n s  
on three long  slender-body c o n f i g u r a t i o n s  con- 
s i s t i n g  of a c i r c u l a r  c y l i n d e r  preceded by (a) a 
s h a r p  cone o f  10" h a l f  angle ,  (b) a h e r i s p h e r i -  
c a l l y  b l u n t e d  cone of 22.5" hal f  angle ,  with 
r a d i u s  of the  hemisphere one-half of t ha t  of the 
c y l i n d e r ,  and (c) a f u l l  hemispherical  head-cap 
t o  the  c y l i n d e r .  Four a l t e r n a t e  t y p e s  of t r i p  
were used t o  conver t  the boundary l a y e r  t o  the 
t u r b u l e n t  t y p e  (a l though a l l  trips appear  t o  
g i v e  n e a r l y  t h e  same a c t i o n ) .  The Mach numbers, 
Y,, ranged from 1.44 t o  4.55 and the  Reynolds 
numbers, NRe, (determined a s  mentioned above) 

In order t o  

ranged f r o m  1.10 to  9.97 x io6.  he f l o w  out-  
side of t h e  boundary l a y e r  was found t o  be 
hosent ropic  f o r  t h e  s h a r p  cone, b u t  the en t ropy  
g r a d i e n t  caused by t h e  b l u n t e r  noses  w a s  p l a i n -  
l y  ev ident .  Typical  p r o f i l e s ,  r e p r e s e n t a t i v e  
of  t h e  t h r e e  nose shapes,  a r e  shown in Fig. 1. 
It should be noted t h a t  t he  v e l o c i t y - d e f e c t  
law ( g i v i n g  a s t r a i g h t  l i n e  v a r i a t i o n  on a s e m i -  
log p l o t )  ho lds  f o r  the boundary l a y e r ,  re- 
g a r d l e s s  of nose shape and induced en t ropy  
g r a d i e n t s  i n  the e x t e r n a l  f i e l d .  

BACKGROUND AND CONCLUSIONS 

The Laboratory of NASA has provided 
APL w i t h  boundary-layer-prof i le  measurements 
(Ref. 1) made a t  t h e  a f t  end of  a long c y l i n d e r  
( f i n e n e s s  ra t io  = 9)  f o r  a d i a b a t i c  test condi- 
t i o n s .  The r e s e r v o i r  temperature  was approxi-  
mately WO'R in a l l  cases w h i l e  the p r e s s u r e s  
ranged from 6 t o  55 l b / i& .  Survey s t a t i o n s  
w e r e  l o c a t e d  9.5 and 11.1 inches  downstream of 
t h e  j u n c t u r e  between t h e  nose and the c y l i n d e r .  
The l o c a l  Reynolds n m b e r  based on t he  geo- 
metric d i s t a n c e  x ,  measured from the t i p  of t h e  
nose,  and a l lowing  the  v e l o c i t y  and kinematic  
v i s c o s i t y  to  have t h e i r  f ree-s t ream v a l u e s ,  
ranged from 1.10 t o  9.97 x I@, whi le  t h e  free- 
stream Hach number v a r i e d  between 1.44 and 
4.55. Three d i f f e r e n t  nose shapes were used a s  
descr ibed  under Summery and Conclusions.  Such 
a systematic series of boundary-layer measure- 
ments on c y l i n d e r s  in the Mach number and 
Reynolds number range of immediate i n t e r e s t  t o  
m i s s i l e  d e s i g n e r s  is not  te be found elsewhere.  

A l l  the d a t a  followed the v e l o c i t y - d e f e c t  
law, r e g a r d l e s s  of  the i n f l u e n c e  of the ent ropy  
changes occasioned by the passage of the f l o w  
through the d i f f e r e n t  kinds of nose-shock. 
The previous  report (Ref. 2) on t h e s e  p r o f i l e s  
i n d i c a t e d  the adherence to t h i s  l a w  o f  three 
cases r e p r e s e n t a t i v e  of t h e  three d i f f e r e n t  
nose shapes ;  i .e. ,  when p l o t t e d  on a semi-log 
s c a l e ,  a l l  p r o f i l e s ,  r e g a r d l e s s  of nose shape, 

SYMBOL NOSE SHAPE (WIRE TRIP) 

100 HALF-ANGLE SHARP O N E  
22.5' HALF-ANGLE HEMISPHERI- 

CALLYBLUNTEDCONE 

y (inches) 

Fig. 1 Comparison of Turbulent Flow Velocity Profiles, 
Far Aft on Fineness-Ratio-9.0 Cylinder, with 
Variant Noses. (76537) 
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showed a s t r a i g h t  l i n e  t r e n d  wi th in  the  bound- 
a r y  l a y e r .  This i l l u s t r a t i o n  is repea ted  he re  

a computational s l i p  made p rev ious ly  (however, 
no th ing  needs t o  be a l t e r e d  i n  t h e  numerical  
de te rmina t ion  of t h e  boundary l a y e r  t h i ckness ,  
6 ,  nor i n  t h e  power-law p r o f i l e  index, n,  a s  
r e p o r t e d  p rev ious ly ) .  

S ince  only a very  sma l l  e f f o r t  w a s  devoted 
t o  t h i s  p r o j e c t  r e c e n t l y ,  no s i g n i f i c a n t l y  new 
r e s u l t s  have been obta ined .  Routine a n a l y s i s ,  
however, has  provided t h e  va lues  of n i n  t h e  
power-law p r o f i l e  def ined  a s  

u/ue - (y/6)'/" 
where U is the  v e l o c i t y  wi th in  the  boundary 
l a y e r ,  a t  t h e  f r a c t i o n a l  d i s t a n c e  y/6 from t h e  
w a l l ,  ou t  toward t h e  edge of t h e  boundary l a y e r ,  
where t h e  e x t e r n a l  v e l o c i t y  is Ue. 

The complete assemblage of such va lues  of n 
i n d i c a t e s  t h a t  n i n c r e a s e s  as a f u n c t i o n  of M, 
when Reynolds number is he ld  c o n s t a n t ;  i n  f a c t ,  
a t  an average Reynolds number and average  M, 
f o r  t h e s e  tests t h e  va lue  of n is about 8 .8 ,  s o  
t h a t ,  under such c o n d i t i o n s ,  t h e  fo l lowing  law 
holds  approximately: 

where the  average va lue  of M, f o r  t h e s e  tes ts  
is about 2.87. 

cons t an t  Reynolds number is con t ra ry  t o  t h a t  
p r e d i c t e d  by D. A. Spence i n  Ref. 3, f o r  a f l a t  
p l a t e .  The v e l o c i t y  p r o f i l e s  used by Spence t o  
suppor t  h i s  s ta tement  were obta ined  on t h e  s i d e -  
w a l l s  of t h e  NOL two-dimensional Tunnel No. 4 
a t  hypersonic  speeds  (5 < M m  < 8 ) .  Recent d a t a  
ob ta ined  by NASA (Ref. 4) i n d i c a t e  t h a t  bound- 
a r y  l a y e r s  ob ta ined  on two-dimensional t unne l  
w a l l s  are f a r  from be ing  two-dimensional; t hus ,  
i t  appears  unsafe t o  i n f e r  t h e  t r e n d  of n from 
such  tunne l  wall measurements. The va lue  of 
t h e  p re sen t  da t a ,  t aken  on an i s o l a t e d  long  
body, is enhanced because t h e s e  boundary lay- 
ers are f r e e  of cross-flow contamination, whi le  
c u r v a t u r e  e f f e c t s  a r e  p r a c t i c a l l y  nonex i s t en t .  

4 now (Fig.  1 )  with c o r r e c t  numbers, t o  r e c t i f y  

n = 4.44 + 1.53 I, 

This  behavior of n a s  a f u n c t i o n  of I, f o r  a 

FUTURE PLANS 
Boundary-layer t h i cknesses ,  6 ,  have been 

determined as desc r ibed  above, so  a t t empt s  w i l l  
be  made t o  p r e d i c t  t h e s e  th i cknesses  a s  func- 
t i o n s  o f  Mach number and Reynolds number, u s ing  
t h e  information on how n v a r i e s  a s  a func t ion  

of Mach number and Reynolds number. Such a 
c o r r e l a t i o n  should  not  be d i f f i c u l t  t o  e s t ab -  
l i s h  because ( see  Ref. 5) : 

6/x = ( ( n + 1 i p + 2 )  + 0.272 M: ) CF 

where CF is t h e  average s k i n  f r i c t i o n  co- 
e f f i c i e n t ,  and where a d i a b a t i c  flow is assumed. 
The r a t i o  of compress ib le  to  incompress ib le  
s k i n  f r i c t i o n  c o e f f i c i e n t  g e n e r a l l y  is con- 
s i d e r e d  to  be una f fec t ed  by Reynolds number 
v a r i a t i o n ;  consequent ly ,  a simple eng inee r ing  
r e s u l t ,  f o r  a d i a b a t i c  flow c o n d i t i o n s ,  a s  
expe r i enced  i n  t h e s e  tests, is ( see  Ref. 6 ) :  

2 -0.67 c /c = ( 1  + 0.128 M, ) Fine 
Thus, a combination of t h e s e  equa t ions  should  
provide  t h e  means f o r  making a c o r r e l a t i o n  o f  
boundary l a y e r  t h i ckness ,  6,  on  a l o g i c a l  b a s i s .  
The a l t e r n a t i v e ,  f o r  eng inee r ing  e s t i m a t e s ,  is 
t o  use  an e m p i r i c a l  r e s u l t ,  ob ta ined  simply by 
p l o t t i n g  t h e  measured th i cknesses  ( f o r  a selec- 
t e d  M,) a s  a func t ion  of Reynolds number, as  
ob ta ined  i n  t h e  p re sen t  tests.  
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ARC RESEARCH 
This  r e p o r t  covers  t h a t  p a r t  of t h e  con- 

t i n u i n g  a r c  hea te r  development which is now 
d i r e c t e d  towards ob ta in ing  h igher  en tha lpy  op- 
e r a t i o n  i n  o rde r  to  more nea r ly  s imula te  t h e  
environmental  cond i t ions  encountered i n  re- 
e n t r y  a t  high Mach number. 

SUMMARY AND CONCLUSIONS 
All-Copper A r c  Running--The f i r s t  runs w e r e  

made on t h i s  u n i t ,  des igna ted  A r c  X I 1  ( t o  a 
t o t a l  of 44, of which t h e  l a t t e r  20 w e r e  
P o l a r i s  t es t s  r e f e r r e d  t o  below). R e l i a b i l i t y  
expec ta t ions  have been borne o u t ,  necessary  
design changes being r e l a t i v e l y  few. I n  com- 
par i son  t o  t h e  performance of s tee l  cased 
a r c s ,  t h e  m o s t  s i g n i f i c a n t l y  d i f f e r e n t  fea- 
t u r e s  o f  ope ra t ion  a r e ,  f i r s t l y ,  a new V - i  
c h a r a c t e r i s t i c ,  which i n t e r s e c t s  t h e  o l d  a t  
about 13 .9  kA. Since t h i s  new c h a r a c t e r i s t i c  
is n e a r l y  f l a t ,  a t  l e a s t  over  a range 8<i<32 M, 
s t a b i l i t y  is much improved i n  t h e  l i g h t  of 
Kaufmann's c r i t e r i o n  (Ref. 1 )  

a v / a i l a r c  + R > o , 
where R is t h e  s lope  of t h e  load  l i n e .  Th i s  is 
a t t r i b u t e d  t o  the  g r e a t e r  r i g i d i t y  of t h e  
double-overlap form of e l e c t r o d e s .  Secondly, a 
f u r t h e r  ope ra t ing  improvement r e s i d e s  i n  t h e  
use  of p a r a l l e l  connec t ions  t o  t h e s e  e l e c t r o d e s  
i n  o rde r  to  avoid caus ing  t h e  a r c  column to  
surmount a vo l t age  b a r r i e r  ( a s soc ia t ed  wi th  
high e ros ion )  a t  t he  oncoming limb of t h e  gaps. 

P o l a r i s  Tests--A program of t e s t i n g  ab la -  
t i o n  m a t e r i a l s  i n  a son ic  t u r b u l e n t  duc t  
coupled t o  A r c  X I 1  was undertaken i n  conjunc- 
t i o n  wi th  t h e  Lockheed Missiles and Space 
Div i s ion  and is approximately h a l f  com- 
p l e t ed .  The tes t  duc t  is s i m i l a r  t o  t h a t  used 
i n  t h e  prev ious  set  of tests ( see  Aeronaut ics  
Q u a r t e r l y ,  July-September 1962, A r c  Research, 
f o r  photograph of equipment).  For t h e s e  tests 
the  a r c  u n i t  was equipped wi th  a s p e c i a l  s t a r t -  
ing  device ;  ' s k i r t s '  w e r e  added t o  the  bases  
of t h e  e l e c t r o d e  suppor t s  t o  s h i e l d  t h e  in- 

t h e  u n i t  w a s  coa ted  wi th  z i r c o n i a  depos i ted  on 
n i cke l .  Tes t ing  requirements w e r e  ( a )  h igh  
shea r  stress and (b) en tha lpy  i n  excess  of 
3000 Btu/ lb  ( a s  measured by hea t  ba lance) ,  i n  
t h a t  o rder .  Fable I lists t h e  data obta ined ,  
t h e  r e s u l t s  of t h e  longer  runs  a l s o  be ing  
shown on F ig .  1. 

s i d e r a t i o n  has been g iven  t o  t h e  requi rements  
a t t e n d i n g  h igh  en tha lpy  ope ra t ion  (Ref. 2 ) .  
I n  a d d i t i o n ,  f i v e  runs  w e r e  made on a modified 
A r c  I11 u n i t  (now des igna ted  A r c  X) a t  ap- 
proximately cons t an t  va lues  of i npu t  power/ 
mass flow t o  check t h e  p ropor t iona l  r educ t ion  
of hea t  l o s s e s  below those  of l a r g e r  u n i t s  
(Ref. 3). However, t h e  fac t  t h a t  t h e  t y p i c a l  
e f f i c i e n c y  was only s l i g h t l y  g r e a t e r  than  f o r  
t he  l a r g e  a r c  u n i t  l e d  t o  a cons ide ra t ion  o f  
t h e  connec t ion  between e f f i c i e n c y  and rota- 
t i o n a l  v e l o c i t y  . 
THE JOHNS HOPKINS UNIVERSITY APPLIED PHYSICS LABORATORY 
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High Enthalpy Considerations--Further con- 
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Fig.  2 Certain Solutions for Proportion of Radiative and 
Convective Flux for Copper Arc Body. (76514) 

FUTURE PLANS 
These inc lude :  ( a )  completion of P o l a r i s  

a b l a t i o n  tests, (b) f u r t h e r  l o w  mass f l o w  
(high en tha lpy )  runs i n  A r c  X I I ,  ( c )  o p e r a t i o n  
of A r c  X I 1  a t  maximum pres su re  (a ided ,  i f  
need be ,  by series inductance) ,  (d) o p e r a t i o n  
of m u l t i p l e  e l e c t r o d e  systems i n  A r c  X I 1  ( i n  
a n t i c i p a t i o n  of even tua l  power augmentation),  
and ( e )  ope ra t ion  of a r e s t r i c t e d - a r c  high- 
en tha lpy  device t o  determine t h e  maximum 
poss ib l e  nonro ta ted  a r c  c u r r e n t  and t h e  mini- 
mum i n d i v i d u a l  b a l l a s t  f o r  a r c s  running i n  
p a r a i  ie 1. 

BACKGROUND 
I n  t h e  l i g h t  of ea r l ie r  a r c  exper ience ,  a 

LlC a r c  u n i t  was designed t o  se rve  as  a hea te r  
f o r  a Mach 7 t o  10 propuls ion  tunne l .  As t h e  
l abora to ry  pressure ,  power, and vo l t age  l i m i t s  
have p rogres s ive ly  been r a i s e d ,  a n  ex tens ion  
of a r c  c a p a b i l i t i e s  has  been sought  i n  o r d e r  
t o  m e e t  t h e  requi rements  of t h e  suppor t ing  re- 
sea rch  program. 

PROGRESS DURING QUARTER 
D i s t r i b u t i o n  of Wall Heat Flux Between 

Convective and Raxa- =s--This d i s t r i -  
bu t ion  is important no t  o m r o m  the  po in t  
--- 
of view of t he  e f f i c i e n c y  02 opera t ion 'of  
p re sen t  u n i t s  b u t  a l s o  because it has a s t r o n g  
bear ing  on t h e  design of h igher  en tha lpy  u n i t s ,  
p a r t i c u l a r l y  s i n c e  the  chamber gases  r a d i a t e  
much more s t r o n g l y  than a i r  uncontaminated by 
e l e c t r o d e  materials. An a t t empt  has t h e r e f o r e  
been made t o  d i s t i n g u i s h  between convec t ive  
( c )  and r a d i a t i v e  ( r )  loss'es by s o l v i n g  f o r  
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Arc Parameters Used in Polaris Ablation Tests 

rh 

lbm/sec) 

_. ~~ 

P t  
p s i a )  

175 

81  

85  

190 

62.5 

43 

87 .5  

71  

90 
72.5 

86 
85  

90 
94 

73 

86 
81. 5 

81.5 

88 

94 

78 .5  
87 .5  

75.5 

93 

75 

97.5 

76.0 
88. E 
78.: 

__ 

Heat 
Loss 

Btu/sec  

3137 

776 

2079 

1861 

1861 

1711 

2406 

2406 

2979 
2979 

2998 

2818 

2940 

3020 

3020 

3 102 

3102 

3146 

2939 

3 103 

3103 
3008 

3008 

3006 
3006 

32 52 

3252 
3280 
3280 

T o t a l  
Enthalpy 
(B t u/ lbm) 

Duct 
3pening 

( i n 2 )  

Run 
Number 

i 

(amps) 

V 

felts) 

bower 

MW) 

Run 
i m e ,  t 
(set) 

E f f .  

pe rcen t )  

Remarks 
Date 

5/19/6 5 

5/2 1/65 

5/21/65 

5/24/65 

5/24/65 

5/24/65 

5/24/65 

5/24/65 

5/24/65 

5/24/65 

5/26/65 

5/26/65 

5/26/65 
5/26/65 

5/26/65 

6/1/65 

6/1/65 

6/3/65 

6/3/65 

25 - 1P 
26 - 2P 

27 - 3P 
28 - 4P 

29 - 5P 

30 - 6P 

31 - 7P 

32 - 8P 

33 - 9P 
34 -1OP 

3 5  -11P 

36 -12P 

37 -13P 

38  -14P 

39 -15P 

40 -16P 

41  -17P 

41  -18P 

42 -19P 

0 .65  

0.309 

0.308 

0.303 

0.303 

0.299 

0 ,305  

0.305 

0.307 

0.307 

0.307 

0 .308  
0 ,306  

0.292 

0.292 

0.293 

0.293 
0.291 

0.595 

0.304 

0.304 
0.305 

0 .305  

0.296 

0.296 

0.294 

0.294 
0.292 
0.292 

12,900 

8 ,660  

9 ,480  

8 ,300  

10,000 
10,800 

11,920 

11,420 

14,340 

15,000 

14 ,440  

14,460 

14 ,240  

14,240 

14,960 
14,420 

14 ,680  

14,240 

14 ,080  

13,820 

14 ,240  
13 ,920  

14 ,500  

14,120 

14 ,680  

13,640 

14 ,200  
14,000 
14.340 

405 

325 

338 
413 

295 

250 

3 12 

273 

300 
265 

285 

285 

288 

325 
275 

3 10 

300 

300 

333 

318 

295 
322.5 
290 

310 
2 83 

3 50 

305 
3 50 
305 

5.23 

2 .81  

3.20 

3.43 

2.98 

2 .70  

3 .57  

3 .26  

4.30 

3 .97  

4.12 

4.12 
4.10 

4.63 

4.12 

4.48 

4.41 

4.27 

4.69 

4 .40  

4.20 
4.49 
4 .21  

4.38 

4.15 

4.77 

4.33 
4.90 
4.37 

8 

8 

12 

3 

5 

15 

14 

15 
7 

12 

15 

9 
25 

20 
- 

10 

14 

15 
- 

15  

11 

3124 
2634 

3244 

3324 

2964 

3314 

2366 

3694 
2669 

3094 

3674 

3224 

3794 

3174 

4014 

3804 

3194 

2664 

3634 
3024 
4114 

3331 

3985 
3273 

4454 

3025 
4799 
3090 

36 .6  

29 .1  

31 .6  

34.2 

33.2 

28.8 

22.2 

26.9 

20 .8  
23.3 

2 8 . 0  

24.4 

26.2 

22 .7  

26.9 

25 .8  

22 .1  

34 .0  

25.6 
22 .1  
29 .1  

24 .5  

27.5 

23 .7  

28.13 

20.78 
29.39 
20.89 

0.625 

0 .625  

0.625 

0 .625  
- 

1 . 2 5  

0.625 
- 

0.625 
- 

0.625 

0.625 

0.625 

0.625 

0.625 

0.625 

O.62Sx 

0 .625  

0 .625  

0.625 

0 .625  

0.625 

Ca 1 ib ra  t i o n  

Highest p re s su re+  

End of t e s t  

Highes t  p re s su re  
End of a b l a t i o n  

Highes t  p re s su re  

End of a b l a t i o n  

Highes t  p re s su re  

End of a b l a t i o n  

Highest p re s su re  

End of a b l a t i o n  

Highes t  p re s su re  

End of a b l a t i o n  
Highes t  p re s su re  

End of a b l a t i o n  

Highest p re s  su re  

End of a b l a t i o n  
Highes t  p re s su re  

End of a b l a t i o n  
Highest p re s su re  
End of a b l a t i o n  

+Mod( (cork) s lodged ,  caus ing  emporary blockage of e x i t  duc t .  

XModel (boron n i t r i d e )  d i s lodged  a t  t = 1 second, l eav ing  opening of 1 .25  i n a .  

o p e r a t i n g  p o i n t s  and i n  determining design 
c h a r a c t e r i s t i c s  o f  new a r c s .  Data p o i n t s  i n  
F ig .  1 w e r e  c a l c u l a t e d  us ing  v a r i o u s  c o l d  flow 
va lues  of d i scha rge  c o e f f i c i e n t s ,  and are s e e n  
t o  l i e  above t h e  datum en tha lpy  curve .  The 
discrepancy between t h e s e  cu rves  may be re- 
so lved  i f  t h e  fol lowing is taken i n t o  cons ide r -  
a t i o n :  ( a )  t h e  measured losses are  undoubtedly 
minimal, hence t h e  t r u e  en tha lpy  v a l u e s  should 
be s h i f t e d  t o  an  a r b i t r a r y  curve  (shown dashed 
i n  F ig .  1 ) ;  (b)  t h e  va lues  of cd  used were 
' c o l d '  va lues ,  while  ' h o t '  va lues  a r e  expected 
t o  be  g r e a t e r .  The depa r tu re  from t h e  datum 
curve is t h u s  a measure of u n c e r t a i n t y  i n  t h e  
' h o t '  va lue  of Cd which, i f  taken i n t o  account ,  
r e s o l v e s  t h e  d iscrepancy .  
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f i rs t -power hea t  f l u x  dependence on tempera- 
t u r e  d i f f e r e n c e  w i t h  t h e  w a l l s ,  and then  by 
comparing t h e  former w i t h  a vo r t ex  model of 
gas  behavior.  Wri t ing equa t ions  f o r  a l l  runs ,  
m ,  and su r faces ,  n ,  f o r  which a hea t  f l u x  meas- 
urement is a v a i l a b l e  : 
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where f r (T)  = T fc(T) = (Tg - T w ) ( d v ) 0 * 8  
g '  

x = 2uV ( e / L )  A n / A t o t a l ,  and 

x = cons tan t   PI-)'.^^, t h e  cons t an t  
t ak ing  i n t o  account t h e  geometry 
o f  t h e  p a r t i c u l a r  s u r f a c e .  

R e s u l t s  of runs  f o r  which a s o l u t i o n  has so  f a r  
been worked o u t  have been p l o t t e d  i n  F ig .  2 .  

purp - tmg  a b l a t i o n  models under spec i -  
f i e d  cond i t ions ,  t hese  runs  have provided valu-  
a b l e  d a t a  on arc ope ra t ion  a t  mass flows o f  - 
0.3 pps. To suppres s  convect ive losses, rota-  
t i o n  r a t e s  were he ld  down by keeping c u r r e n t s  
below 14 kA. In  F ig .  1, a s tandayd en tha lpy  
curve (C = 1) (Ref. 4 )  has been i n s e r t e d  t o  
i l l u s t r a f e  t h e  degree  t o  which t h e  e n t h a l p i e s  
der ived from the  hea t  balance may be high. The 
use  of t h i s  cu rve  is va luab le  i n  s e t t i n g  a rc  

P o l a r  is T e s t s  --A 1 though undertaken f o r  t h e  
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Section 111 

EXPLORATORY DEVELOPMENT 
Landing Force Su rt Weapon (-SI)--A 

m o b i m - t r a i l e r  :g has. been fitted out as 
an operations center for the SIGS/Sergeant 
flight test series (III/3). 

Adaptive Systems Design and Analysis--A 
digital simulation of the boundary-tracking 
optical perception system has been evaluated 
and some resultant design changes initiated 
(III/7). 

Airframe Structures - Hypersonic Flight--An 
analysis has been made of the various thermal 
stress components that arise in radomes as a 
result of aerodynamic heating (111/8a). Stud- 
ies of the transient deformation of a titanium 
alloy under rapidly changing conditions of 
stress and temperature indicate that the 
actual strain lags behind predicted values 
during such periods (III/Bb). 

Aeroelastic Research & Development-- 
Studies of the freauencies of free vibration 
of elastic structures and structural elements 
were continued, with emphasis on determining 
the effectiveness of lower bound calculation 
techniques (III/9). 

Thermal Studies--Use of a temperature- 
dif f - m m o r  obtaining convective 
heat transfer approximation6 has resulted in 
significant errors at high temperatures. To 
estimate the magnitude of the error to be ex- 
pected, a comparison was made between results 
using a temperature-difference method and an 
enthalpy-difference method for computing con- 
vective heat transfer on a flat plate (III/lO). 

environmental limitations of the three basic 
radome materials, Pyroceram 9696, fused silica, 
and aluminum for four bands ( S , C , X ,  and K) was 
continued (III/lla). Techniques for computing 
thermal stresses in laminated radomes have been 
reviewed; the method based on concentric thick- 
walled-cylinder theory was selected as the most 
appropriate, and it is being programmed for 
machine computation (III/llb) . 

. 

Radome S truc tures--The s tudy to define the 

Research and Develo ment in Masers-A new 
flux melt process for tPhe prezr-of iron- 
doped sapphire single crystals has been eval- 
uated, and construction of two new furnaces 
has been started (111/12). 

a b l e n r a t u r e  is being searched for relevant 
flame-attenuation data, APL has also conducted 
experiments to measure changes in the levels 
of C- and X-band signals propagating through 
the exhaust of a rocket motor proposed for use 
in the Standard Missile (111/14). 

Flame Attenuation Studies--While the avail- 

Thin Film Microelectronics--The continuous- 
life-tGults on thin f i l m  transistors in- 
dicate that the semiconductor-dielectric-inter- 
face parameters must be better understood be- 
fore stable devices of this type can be built 
(111/15a). An automatic thermal pulser for 
trimming thin-film resistors to specified 
tolerances has been fabricated, and a preci- 
sion resistor probe for use with the pulser 
has been designed (111/15b). One direct- 
coupled operational amplifier has been built 
and placed in operation; others are currently 
being manufactured (111/15c). A new tech- 
nique has been developed for reducing the en- 
croachment that occurs during evaporation mask 
electroforming (111/15d). Several microelec- 
tronic circuits contracted from General Elec- 
tric were received and tested (111/15e). 

Semiconductor Microelectronics--The first 
volume of the Microelectronics Engineering 
Handbook is scheduled for Drintina durina 
July 
- 

-1/16a). Work towa;d the ;ievelopnent 
of a semiconductor microelectronic frequency 
divider using micropower circuitry is continu- 
ing (III/lGb). 

made of the effects of radiation on insulated- 
gate, thin-film, cadmium selenide transistors 
(111/17). 

Advanced Warhead Supporting Research--In 
the analysis of guidance and fuzing, an attempt 
was made to improve the relevance of effective- 
ness analysis by reviewing the performance of 
guidance and warhead fuzing systems of the 
Terrier, Talos, and Tartar missiles, using data 
obtained during missile test firings. The 
limitations of the information gathering tech- 
niques preclude obtaining satisfactory descrip- 
tions of guidance and fuzing error functions 
from this source (111/19a). Exploding wires 
are being considered for use as initiators of 
intermediate and secondary explosivee. Experi- 
ments have been planned to study the shock 
waves from exploding wires (IIUlSe). Long 
exploding wires are being considered as a 
means of line initiation of explosives to avoid 
the use of sensitive explosives as initiators, 
achieve directional explosive patterns, and 
generally improve initiation and detonation of 
explosive warheads. Experiments are under way 
to determine the amount of energy required to 
just melt and also to just vaporize copper 
wires of various lengths (111/19f). 

Radiation Damage Studies--Studies have been 

Adaptive Stabilization Computer--A new pro- 
cedure has been developed for predicting an 
unknown stationary process (II1/23). 
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SIGS MOBILE OPERATION AND SUPPORT 
CENTER 

C e r t a i n  o p e r a t i o n a l  and h a n d l i n g  d i f f i -  
c u l t i e s  which became e v i d e n t  d u r i n g  prepara-  
t i o n s  f o r  t h e  March f l i g h t  test ,  r e s u l t e d  i n  
t h e  d e c i s i o n  t o  i n t e g r a t e  a l l  SIGS s u p p o r t  
equipment i n t o  a s e m i - t r a i l e r  to  s e r v e  as a 
mobile  o p e r a t i o n  c e n t e r  f o r  SIGS/Sergeant 
tests (Fig .  1 ) .  The SIGS s u p p o r t  van c o n t a i n s  
a l l  SIGS s u p p o r t  c o n s o l e s ,  a SIGS f l i g h t  test 
package (SIGS mounted i n  s e r g e a n t  warhead) on 
a s p e c i a l l y  des igned  pneumatic d o l l y ,  c a b l e  
r e e l s  t o  s tow t h r e e  600 f o o t  c a b l e s ,  and work- 
i n g  and o f f i c e  s p a c e .  The forward s e c t i o n  of 
t h e  t ra i le r  was p a r t i t i o n e d  o f f  and equipped 
wi th  a communication network which s e r v e s  as  
SIGS o p e r a t i o n s  and f l i g h t  c o n t r o l  c e n t e r .  
The i n t e n t  w a s  t o  be a s  s e l f  s u f f i c i e n t  a s  
p o s s i b l e  and p r o v i d e  t h e  c a p a b i l i t y  of moving 
from one l o c a t i o n  t o  a n o t h e r  w i t h  minimum 
t i m e  and e f f o r t .  

SUM MARY 
The van used  f o r  t h i s  purpose is 319 i n c h e s  

l o n g ,  96 i n c h e s  wide, and 93 i n c h e s  high.  The 
f l o o r  p l a n  showing t h e  i n s t a l l e d  equipment is 
p r e s e n t e d  i n  Fig.  2 .  I t  is equipped w i t h  a i r  
c o n d i t i o n e r s ,  h e a t e r s ,  and f l o r e s c e n t  l i g h t i n g .  
The t r a i l e r  was d e l i v e r e d  t o  APL, i n  e a r l y  
A p r i l  and by mid-May SIGS o p e r a t i o n s  w e r e  
be ing  conducted from t h e  van a f t e r  t h e  fol low- 
ing  m o d i f i c a t i o n s  and p r o v i s i o n s  had been i n -  
corpora  t e d  : 

1. Reworked t h e  a i r  c o n d i t i o n e r s  and provided 
a " s q u i r r e l  cage" f a n  f o r  compressor c o o l -  
i n g  t o  d e c r e a s e  n o i s e  l e v e l .  F u r t h e r  
soundproof ing  was provided  by completely 
e n c l o s i n g  a l l  a i r  c o n d i t i o n i n g  u n i t s .  

2.  P a r t i t i o n e d  o f f  t h e  forward s e c t i o n  of t h e  
van f o r  a n  o p e r a t i o n  and f l i g h t  c o n t r o l  
c e n t e r  which p r o v i d e s  a desk ,  f i l e ,  and 
communication c e n t e r .  

3 .  hlodified a l l  f l u o r e s c e n t  l i g h t i n g  t o  oper -  
a t e  on 60 c p s .  

4 .  I n s t a l l e d  50 and 400 cycle power f u s i n g  
and d i s t r i b u t i o n .  

5. I n s t a l l e d  and shock mounted a l l  o f  SIGS 
s u p p o r t  c o n s o l e s :  

a .  Alignment Console  (Norden b u i l t ) .  
b. Ins t rument  Console  and F i r e  C o n t r o l  

c. Power Supply Console  (.WL b u i l t ) .  
d .  Monitor  Console  (APL b u i l t ) ,  which con- 

Computer (APL b u i l t ) .  

t a i n s  a d i g i t a l / a n a l o g  c l o c k  f o r  t i m e  
c o r r e l a t i n g  t h e  d a t a  g a t h e r e d .  
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Fig. 1 SlGS M o b i l e  Support Van. !76558? 

I n s t a l l e d  t h r e e  c a b l e  r e e l s  t o  s tow ex- 
t e r n a l  c a b l e s  w h i l e  i n  t r a n s i t .  
Designed,  f a b r i c a t e d ,  and i n s t a i i e d  a i 
ton  c r a n e  c a p a b l e  of l o a d i n g  and u n l o a d i n g  
t h e  SIGS f l i g h t  test package and d o l l y .  
Designed and f a b r i c a t e d  a s p e c i a l  f o u r  
wheel pneumatic  d o l l y  f o r  handl ing  t h e  SIGS 
f l i g h t  test  package. 
Designed,  f a b r i c a t e d ,  and i n s t a l l e d  a com- 
munica t ion  s y s t e m  c o n s i s t i n g  of s p e a k e r s ,  
h e a d s e t s ,  and a "master  c o n t r o l "  u i t h  a m i -  
c rophone c a p a b l e  of p r o v i d i n g  v o i c e  communi- 
c a t i o n  among f o u r  s t a t i o n s  up t o  500 f e e t .  
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SIGS/ALIGNMENT 

CONSOLE CABLE REELS 

1 
10-INCH ACCESS TO 
BACK OF CONSOLES 

CABLE ACCESS 

Fig. 2 Top View of SIGS Support Van. (76559) 

FUTURE PLANS 

SIGS ope ra t ions  a t  APL and Sperry Utah i n  S a l t  
Lake C i t y ,  Utah. Future  p l a n s  f o r  t h e  SIGS 
suppor t  van a re  t o  suppor t  a SIGS f l i g h t  aboard 
a Sergeant  miss i le  a t  WSMR i n  J u l y .  

The van has thus  f a r  s u c c e s s f u l l y  suppor ted  

BACKGROUND 

The requirements f o r  a SIGS suppor t  van 
became evident  a s  a r e s u l t  o f  o p e r a t i o n s  t h a t  
took  p l ace  i n  February and March of t h i s  year  

a t  Sper ry  Utah and WSMR. I n  l a t e  March, i t  
w a s  dec ided  t o  conduct a major p ropor t ion  of 
t h e  next  f l i g h t  p r e p a r a t i o n  work a t  APL. Be- 
cause  o f  t h e  schedule  and number o f  p l a c e s  d i f -  
f e r e n t  phases of t h e  o p e r a t i o n  would t ake  p l ace ,  
i t  was dec ided  t h a t  a s e l f  con ta ined ,  mobile 
u n i t  con ta in ing  SIGS and a l l  suppor t  hardware 
would be very d e s i r a b l e .  T h i s  van s a t i s f i e s  
t h e  above-mentioned requi rements .  S e t t i n g  up 
t h e  van upon a r r i v a l  a t  a s i t e  i s  r e l a t i v e l y  
s imple ,  c o n s i s t i n g  on ly  of hooking up van 
prime power, and un ree l ing  and connec t ing  t h e  
t h r e e  600-foot c a b l e s  between t h e  SIGS f l i g h t  
test package and t h e  SIGS alignment console .  
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I 

ADAPTIVE SYSTEMS 
The a d a p t i v e  mechanisms program is one of 

r e s e a r c h  d i r e c t e d  toward improved methods of 
d a t a  process ing  with special emphasis on use of  
techniques found i n  l i v i n g  organisms. 

SUMMARY 
A l l  exper imenta l  development work has been 

concent ra ted  on t h e  boundary t r a c k i n g  o p t i c a l  
percept ion  system. The s o l i d  s t a t e  r e s o l v e r  
mentioned i n  t h e  previous report has been re- 
duced t o  p r a c t i c e  a s  a s i n g l e  quadrant  re- 
s o l v e r .  An adequate  video s i g n a l  has been 
achieved,  and video process ing  c i r c u i t r y  is 
being developed t o  accumulate t h e  first moment 
of l i g h t e d  a r e a  around the two axes of t h e  
video r a s t e r .  These moments w i l l  be used as 
r o t a t i o n a l  commands f o r  t h e  s o l i d  s t a t e  re- 
s o l v e r .  The r e s o l v e r  w i l l ,  i n  t u r n ,  r o t a t e  t h e  
r a s t e r  u n t i l  t h e  moments of l i g h t e d  a r e a  are 
nul led .  

l a t i o n  of t h e  boundary t r a c k i n g  process  has 
been r e c e i v e d ,  add evaluated.  The conclus ions  
form the b a s i s  f o r  some system design changes 
t h a t  are be ing  i n i t i a t e d .  

I n  t h e  sequence r e c o g n i t i o n  network p o r t i o n  
of t h e  system, a b a s i c  network element has  been 
developed t h a t  is not  s e n s i t i v e  t o  t h e  t i m e  
spac ing  of s e q u e n t i a l  events .  Time s e n s i t i v i t y  
was t h e  shortcoming of the f i r s t  design,  and 
f u r t h e r  development w a s  cont inued.  This  b a s i c  
network element  has  been t e s t e d  and accepted as  
a f u n c t i o n a l  s t a n d a r d  t o  be used  i n  the  system. 
C i r c u i t  des ign  c o n s i d e r a t i o n s  a r e  be ing  made to  
s i m p l i f y  t h e  hardware requirement and maintain 
t h e  s t a n d a r d  performance of the  element .  

FUTURE PLANS 

velopment of a number of t h e  b a s i c  network 
elements  connected t o  form some simple sequence 
r e c o g n i t i o n  networks w i l l  be pursued. A d i g i -  
t a l  computer s imula t ion  of sequence r e c o g n i t i o n  
networks w i l l  be cont inued.  The purpose of  
t h i s  s i m u l a t i o n  is t o  s tudy  t h e  c r i t e r i a  pro- 
posed f o r  sequence r e c o g n i t i o n  w i t h  the i n t e n t  
of opt imiz ing  t h e  number of network elements  
r e q u i r e d  to  recognize  var ious  p a t t e r n s .  

Cont inuing e f f o r t s  on t h e  boundary t r a c k i n g  
s y s t e m  w i l l  inc lude  development of video proc- 
e s s i n g  c i r c u i t r y  and t h e  l o g i c  c i r c u i t r y  neces- 
s a r y  t o  r e c y c l e  t h e  s i n g l e  quadrant  r a s t e r  re -  
s o l v e r .  A l o g i c  technique f o r  t r a n s l a t i n g  t h e  
v ideo  r a s t e r  has been proposed, and t h e  f e a s i -  
b i l i t y  of u s i n g  t h i s  technique w i l l  be con- 
s idered .  

Information from t h e  d i g i t a l  computer s i a u -  

During t h e  next  q u a r t e r ,  experimental  de- 

BACKGROUND 
Boundar Tracking 0 t i c a l - P e r c e  t i o n  Sys- 

tem--In theyprevious  r e i o r t ,  mentiof: was made 
Tifa s o l i d  state r e s o l v e r  technique t o  be used 
t o  combine t h e  & f l e c t i o n  vol tages  t h a t  r o t a t e  
t h e  video raster. During t h i s  r e p o r t i n g  per iod ,  
t h i s  method of raster r o t a t i o n  has been reduced 
t o  p r a c t i c e  for a s i n g l e  quadrant  made up of 
e i g h t  c h a r a c t e r i s t i c  angles .  Thirty-two angu- 
l a r  p o s i t i o n s  w i l l  be obta ined  by r e c y c l i n g  t h e  
" s i n g l e  quadrant" r e s o l v e r .  Using t h i s  s o l i d  
s t a t e  r e s o l v e r  r e q u i r e s  swi tch ing  and summing 
d e f l e c t i o n  c o i l  v o l t a g e s  of p o s i t i v e  and/or 
nega t ive  p o l a r i t i e s .  These d e f l e c t i o n  v o l t a g e s  
were l a r g e  i n  amplitude owing t o  the  d e f l e c t i o n  
c o i l  time c o n s t a n t s ,  and swi tch ing  of t h e s e  bi- 
p o l a r  v o l t a g e s  became a d e f i n i t e  l i m i t a t i o n .  
The d e c i s i o n  was made t o  decrease t h e  raster 
l i n e  r a t e  from 20,000 l i n e s  per second to  2000 
l i n e s  per second i n  order  t o  a l low lower ampli- 
tude d e f l e c t i o n  v o l t a g e s  t o  he used. This  al- 
t e r a t i o n  reduced t h e  amount of c i r c u i t r y  t o  be 
used f o r  swi tch ing  and summing t h e  d e f l e c t i o n  
v o l t a g e s  w i t h i n  t h e  s o l i d  s t a t e  r e s o l v e r .  The 
reduct ion  i n  r a s t e r  l i n e  rate a l s o  increased  
t h e  average p a t t e r n  r e c o g n i t i o n  t i m e  by an  un- 
favorable  f a c t o r  of ten .  P l a n s  are be ing  =de 
t o  speed up t h i s  t i m e  by u s i n g  fewer raster 
frames f o r  process ing  t h e  v ideo  s i g n a l  i n t o  ro- 
t a t i o n  and/or t r a n s l a t i o n  commands. 

The d e f l e c t i o n  c i r c u i t r y  has been reduced 
t o  p r a c t i c e ,  and a lower focus  f i e l d  i n t e n s i t y  
has been determined f o r  t h e  lower raster l i n e  
r a t e  (2000 l i n e s  per second) .  Adequate video 
s i g n a l  has been achieved,  and c i r c u i t  des ign  
c o n s i d e r a t i o n s  a r e  be ing  worked out  f o r  t h e  
video process ing  s e c t i o n  of t h e  system. I n  
t h i s  s e c t i o n ,  f i r s t  moments of l i g h t e d  a r e a  
about axes  p a r a l l e l  and perpendicular  t o  the 
r a s t e r  l i n e s  must be computed from t h e  video 
s i g n a l .  These moments w i l l  be  used a s  feed- 
back t o  the s i n g l e  quadrant  r e s o l v e r  and to  
t h e  l o g i c  t h a t  c a l l s  f o r  t r a n s l a t i o n  of t h e  
video r a s t e r  wi th  respect t o  t h e  o b j e c t  bound- 
a r y .  

A d i g i t a l  computer s i m u l a t i o n  of t h e  
boundary t r a c k i n g  process  is near  completion. 
A se t  of c r i t e r i a  f o r  t r a n s l a t i o n  and r o t a t i o n  
has been s e l e c t e d  which makes the  chance of 
10s i n g  a c q u i s i t i o n  low and provides  s u f f i c i e n t  
d a t a  f o r  i d e n t i f i c a t i o n  of the p a t t e r n  m o s t  of  
t h e  t i m e .  Of  e l e v e n  p a t t e r n s  tested, a l l  can 
be i d e n t i f i e d  wi th  r e l i a b i l i t i e s  of 74 t o  100. 
Seven of t h e s e  p a t t e r n s  can be i d e n t i f i e d  f o r  
size s c a l i n g s  of one-half size t o  f u l l  size 
of t h e  s e n s i t i v e  a r e a  of t h e  v id icon  mosaic. 
Five of t h e s e  i d e n t i f i c a t i o n s  have r e l i a b i l i -  
t ies  c l o s e  t o  100 p e r c e n t ,  t h e  o t h e r  two being 
85 and 92 percent .  The remaining f o u r  pa t -  
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t e r n s  were i d e n t i f i e d  a t  maximum size  s c a l i n g  
w i t h  r e l i a b i l i t i e s  of 74, 80, 92 and 100 per- 
c e n t .  I t  was found t h a t  t r a c k i n g  is s impl i -  
f i e d  i f  r o t a t i o n  and t r a n s l a t i o n  o f  t h e  v ideo  
r a s t e r  a r e  allowed s imul taneous ly ,  and i f  ro- 
t a t i o n  by increments l a r g e r  t han  11.25" a r e  
used t o  n u l l  the l a r g e r  moments. These tech-  
n iques  a r e  being cons ide red  as  p a r t  o f  t h e  
system des ign .  

During t h i s  r e p o r t i n g  pe r iod ,  a b a s i c  ne t -  
work element has been developed t h a t  is non- 
s e n s i t i v e  t o  t i m e  spac ing  o f  even t s .  Time- 
spac ing  independence was achieved  by us ing  a 
t h r e e - b i t  up-down coun te r  as a memory device  
t o  accumulate preceding even t  s t i m u l a t i o n .  
This  method provides e i g h t  l e v e l s  of inpu t  in- 
formation t o  which  a d i f f e r e n t  wid th  ou tpu t  
p u l s e  of s tandard  amplitude is ass igned .  S i x  
of t h e s e  b a s i c  network elements have been fab- 

r i c a t e d  t o  be used  i n  t h e  development o f  b a s i c  
sequence r e c o g n i t i o n  networks. A d i g i t a l  com- 
p u t e r  s i m u l a t i o n  of sequence r e c o g n i t i o n  n e t -  
works is be ing  pursued f o r  t h e  purpose of op- 
t i m i z i n g  the  number of b a s i c  network e lements  
needed i n  r ecogn iz ing  a given sequence of 
even t s .  Th i s  computer s imula t ion ,  which is 
based  on a s i m p l i f i e d  r e p r e s e n t a t i o n  of t h e  
b a s i c  network e lement ,  w i l l  a l s o  be used  t o  
t e s t  t h e  c r i t e r i a  set up for sequence recogni -  
t i o n .  I t  has been recognized  t h a t  i f  t h e  
number of b a s i c  network elements r e q u i r e d  t o  
recognize  a sequence can  not be  minimized, t hen  
t h e  number of a c t i v e  components and size of 
, these  b a s i c  e l emen t s  w i l l  be an ob jec t ionab ly  
l a r g e  p a r t  of t h e  system. Th i s  p o s s i b i l i t y  has 
encouraged f u r t h e r  development of t h e  b a s i c  
network element t o  inc lude  a s i m p l i f i e d  c i r c u i t  
des ign  and main ta in  a l l  of t h e  f e a t u r e s  o f  t h e  
s t a n d a r d  element now i n  use.  
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RADOME NOSECAP THERMAL STRESSES 
Because it f u r n i s h e s  t h e  i n i t i a l  Condi t ions 

t h a t  p lay  such  an  important role i n  the o v e r a l l  
behavior  of a radome, t h e  r a w  noeecap 1s 
being  s t u d i e d  as p a r t  o f  t h e  i n v e s t i g a t i o n  of 
thermal  stresses i n  radoaee. The principal 
s t r u c t u r a l  q u e s t i o n s  around t h e  t i p  are con- 
cerned with stress concent ra t ion ,  body re- 
s t r a i n t s  t h a t  a f f e c t  subsequent p a r t e  of t h e  
radome, and t h e  removal of analytical  discon- 
t i n u i t i e s  t h a t  d i s t o r t  numerical  r e s u l t s .  

SUMMARY 
Component thermal i n p u t s  were analyzed and 

r e p o r t e d  i n  R e f s .  1 t b  9 i n c l u s i v e .  Defini-  
t i o n s  f o r  dimensions and dtsplacementa are  
shown i n  Fig.  1, and t y p i c a l  r e s u l t s  a r e  p l o t -  
t e d  i n  Figs .  2 and 3. The or thogonal  Compo- 
nents  of stress are denoted by OR, @#, 08, and 
t h e  displacements  by u and w. Thei r  p o s i t i v e  
d i r e c t i o n s  a r e  shown i n  F i g s .  1 and 3. To ob- 
t a i n  nondimensional curves ,  t h e  r e s u l t s  are  
p l o t t e d  a s  t h e  r a t i o s  UR/Uo, o#/u0, u8/o0, 
u/uno, and w/uno, where (Io = EC and uno = 

PnCo w i t h  E being the  t e n s i l e  modulus of e lae-  
t i c i t y  ( p s i )  and Co t h e  thermal expansion a t  
the nose ( i d i n ) .  

I t  is necessary to  o b t a i n  a s y n t h e s i s  of 
these s o l u t i o n s  i n  conjunct ion  w i t h  the r e s u l t s  
for t h e  radome w a l l  t o  determine the i n t e r -  
a c t i o n  between t h e  t w o  p a r t s .  The e f f e c t s  vary 
cont inuous ly  along t h e  span t o  t h e  j o i n t  be- 
tween the  radome w a l l  and the missile body, 
which imposes f u r t h e r  r e s t r a i n t  t h a t  must be 
evalua ted  i n  o r d e r  t o  compute the  c r i t i c a l  
stress and deformation governing the usable  
s t r e n g t h  of t h e  radome. 

FUTURE PLANS 

f a r  ob ta ined  w i t h  t h o s e  t h a t  d e s c r i b e  t h e  wal l  
and body-joint  s t r u c t u r a l  behavior.  I n  t h i s  
way, t h e  stresses a t  any p o i n t  can be examined 
and t h e  maxima a s c e r t a i n e d  to provide design 
c r i t e r i a  a s  w e l l  as means t o  review s t r e n g t h  
and displacement  requirements.  

BACKGROUND 

t o  which guided-missi le  radomes are exposed 
have proved t o  be a cont inuing  problem i n  ra -  
dome des ign  and s t r e n g t h  assessment.  Both 
t h e o r e t i c a l  and experimental  programs have been 
proposed or a r e  under way i n  e f f o r t s  t o  meet 
t h e  r e c u r r i n g  need a s  f a s t e r  m i s s i l e s  and 
l a r g e r  v e h i c l e s  e n t e r  the development phase, 
or a s  a l t e r e d  miss ions  and new o p e r a t i o n a l  
requirements  a r e  devised f o r  e x i s t i n g  weapons. 

0 

I t  is planned to combine t h e  s o l u t i o n s  t h u s  

The high temperatures  and thermal  g r a d i e n t s  

Fig. 1 Nosecap Dimensions. (76515) 

DISCUSSION 
In the s t u d y  of stresses induced by in ten-  

s i v e  heat  t h a t  changes cons iderably  a long  the 
l e n g t h  of a radore  owing to  aerodynamic fac-  
tors, it w a s  found t h a t  s e v e r a l  s o l u t i o n s  a r e  
needed i n  order t o  d e f i n e  adequately t h e  a r b i -  
t r a r y  temperature  v a r i a t i o n s  that m u s t  be in-  
c luded.  

The c o n t r i b u t i o n  t h a t  changes through the  
t h i c k n e s s  without  lengthwise v a r i a t i o n  is ex- 
amined i n  Ref. 1; t h e  c l a s s i c a l  s o l u t i o n  for 
a x i a l  symmetry is descr ibed  i n  Ref. 2. 

The temperature  v a r i a t i o n  along t h e  r a d i -  
u s  of any c r o s s  s e c t i o n  is t r e a t e d  i n  R e f .  3, 
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NOTE: SEE FlbS. 1 AND 3 
FOR SYMBOLS 
e. a 

uno Rnea 

a" 
2 '1.0 0.8 0.6, 0.4 0.2 0 
c R/R, 

1.0 0.8 0.6 0.4 0.2 0 
R;R, 

Fig.  2 Ratios of  Normal and Shear Stresses and 
Displacements I 

v = 0.245 

0.3 

a" 0.2 
\ 

." 0.1 

0 
0. 

0. 

a" 0. 
\ 
3- 

-0. 

-0. 
0. 

0. 

0. 

6 ,  = THERMAL EXPANSION 

<= 0. 
D 

0. 

0. 

1.0 0.8 0.6 0.4 0.2 0 

R/R, R/Rn 

Fig. 3 Comparison of Stresses and Displacements. (76517) 
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w h i l e  the case when t h e  l o n g i t u d i n a l  stresses 
a r e  paramount is d e a l t  w i t h  i n  Ref. 4. A 
se l f - con ta ined  s o l u t i o n  is found in Ref. d 
f o r  d i s t r i b u t i o n s  t h a t  vary i n  any f a sh ion  
through the  th i ckness  and have a cos ine  v a r i -  
a t i o n  a long  t h e  span. 

l y t i c a l  d i f f i c u l t y  is approached wi th  t h e  error- 
c o l l o c a t i o n  method i n  Ref. 6,  Exact e o l u t l o n s  
were l a t e r  developed f o r  t h i s  problem i n  Refs.  
7 and 8 .  The f i r s t  of t h e s e  (Ref. 7)  is nu- 
m e r i c a l l y  easy  t o  apply  i n  t t e  f i r s t  ha l f  o f  
t h e  angu la r  range  (between 0 and 45") ,  
whereas the  second one ( R e f .  8) is convenient  
f o r  numerical  work i n  t h e  second ha l f  (from 

The problem t h a t  p r e s e n t s  t h e  g r e a t e s t  ana- 

45O t o  BO"). 
Reference 9 was de r ived  t o  inc lude  d e f i n i -  

t i o n  of t h e  c a u s a t i v e  thermal  expansion wi th in  
t h e  formulas f o r  stresses and d isp lacements .  
T h i s  s o l u t i o n  a l e o  is se l f - con ta ined ,  and two 
expansions were compared g r a p h i c a l l y  i n  t h e  re- 
p o r t .  These r e s u l t s  a r e  EhOWn here  i n  Fig.  8 ,  
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STRUCTURAL DEFORMATION BEHAVIOR 
AT HIGH TEMPERATURES 

Peformance requi rements  of hypersonic  mis- 
si les  i m p o s e  severe environments on t h e  air- 
frame s t r u c t u r e ,  whi le  a t  t h e  s a m e  t i m e  t hey  
r e q u i r e  h igh  s t r u c t u r a l  e f f i c i e n c y  t o  minimize 
weight.  Under these  cond i t ions ,  it is neces- 
s a r y  to c o n s i d e r  s t r u c t u r a l  behavior  i n  a more 
complete manner than  is o f t e n  done. The cur -  
r e n t  s t u d i e s  are aimed a t  a better understand- 
i n g  o f  t h e  t r a n s i e n t  deformation that takes 
p lace  under r a p i d l y  vary ing  stress and tempera- 
t u r e  c o n d i t i o n s  and t h e  e f f e c t  t h e s e  t r an -  
s i e n t s  have on t h e  load-car ry ing  c a p a b i l i t y  of 
t h e  s t r u c t u r e .  

SUMMARY 
Over f i f t y  specimens of t h e  t i t an ium a l l o y  

Ti-13V-llCr-3Al have been t e s t e d  t o  s tudy  high- 
tempera ture  s t r u c t u r a l  behavior.  Thermal ex- 
pans ion  c h a r a c t e r i s t i c s ,  i n s t an taneous  stress- 
s t r a i n  r e l a t i o n s h i p s , a n d  time-dependent defor -  
mation behavior  (c reep)  were measured f o r  tem- 
p e r a t u r e s  up to 2500°F. 
measured specimen deformation under c o n d i t i o n s  
of vary ing  stress and temperature.  

Add i t iona l  tests 

The r e s u l t s  of t h e  f o u r  thermal  expansion 
tests are shown i n  F ig .  1. The average  va lue  
f o r  t h e  c o e f f i c i e n t  of expansion is 7 . 5  x 

higher  than  o t h e r  publ i shed  in fo rma t ion  (Ref. 
1 ) .  The p o s s i b l e  r easons  f o r  t h i s  d i f f e r e n c e  
are be ing  checked. 

R e s u l t s  of a t y p i c a l  set of c reep  t e s t s  
are shown i n  F ig .  2 .  S i m i l a r  sets o f  c r e e p  
tests were r u n  f o r  tempera tures  between 500" 
and 2500°F. For t h e  very s h o r t  t i m e s  used i n  
t h e s e  tests i t  is p o s s i b l e  t o  expres s  t h e  c r e e p  
r a t e  as a func t ion  o f  tempera ture ,  stress, and 
accumulated c r e e p  s t r a i n .  

t~mperitlire and stress t h a t  w e r e  used to  s tudy  
t r a n s i e n t  deformation. The r e s u l t s  o f  12  
tests are shown i n  Fig.  4, where t h e  to ta l  
measured deformat ion  is made up o f  elastic, 
p l a s t i c ,  time-dependent, and thermal s t r a i n .  
The material c h a r a c t e r i s t i c s  of thermal  ex- 
pansion, s t r e s s - s t r a i n  r e l a t i o n s .  and c r e e p  
behavior are be ing  used to correlate p red ic t ed  
and measured deformation. Thus f a r  t h e  r e s u l t s  
of t h e s e  s t u d i e s  show t h a t  t h e  a c t u a l  s t r a i n  
l a g s  behind p r e d i c t e d  v a l u e s  du r ing  pe r iods  of 
changing tempera ture  and stress. Th i s  behavior  
could  be impor tan t  i n  de te rmining  maximum 
va lues  o f  stress i n  a i r f r ame  s t r u c t u r e s .  

FUTURE PLANS 

in/in/OF. T h i s  is approximately one t h i r d  

F igu re  3 shows t h e  c o n d i t i o n s  o f  vary ing  

Analys is  of t h e  t r a n s i e n t  cond i t ions  w i l l  
con t inue  i n  o r d e r  t o  v e r i f y  d i f f e r e n c e s  i n  t h e  

0 -  800 1200 
TEMPERATURE (OF) 

Fig. 1 Thermal Expansion Tests for Titanium Alloy - 
T i - 1 3 V - l l C r - 3 A l .  (76522) 

1.00 1 I I l l  1 I I 1  I 
TEST TEMPERATUR,E = 1300OF 

Fig. 2 Typical Creep Test Results for Titanium Alloy - 
T i - 1 3 V - l l C r - 3 A l .  (76523) 
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Fig. 3 Temperature and Stress Histories for Transient 
Deformation Tests. (76524) 
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Fig. 4 Total Measured Strain Resulting from Variable Stress 
and Temperature Tests. (76525) 

p r e d i c t e d  and a c t u a l  materials behavior.  Docu- 
menta t ion  of t h e s e  r e s u l t s  w i l l  i nc lude  ex- 
amples o f  t h e  e f f e c t  of t h e s e  d i f f e r e n c e s  on 
thermal s t r e s s  i n  t y p i c a l  a i r f r ame  s t r u c t u r e s  
and w i l l  make recommendations as t o  t h e  type  o f  
m a t e r i a l s  t e s t i n g  r equ i r ed  t o  perform complete 
s t r u c t u r a l  a n a l y s i s .  

BACKGROUND 

The high-performance missiles o f  t h e  next  
gene ra t ion  w i l l  r e q u i r e  more e f f i c i e n t  s t r u c -  
t u r a l  s y s t e m s .  I n  a d d i t i o n ,  i n t e r n a l  and 
e x t e r n a l  p r o f i l e s  w i l l  be extremely c r i t i ca l  
wi th  r e spec t  t o  change i n  shape. I t  w i l l  be 
necessary ,  t h e r e f o r e ,  to  conduct a more com- 
p l e t e  s t r u c t u r a l  a n a l y s i s  of t h e  missile a i r -  
frame and t o  c o n s i d e r  many more modes of be- 
hav io r  i n  order  t o  des ign  a v e h i c l e  t o  m e e t  
t h e s e  requi rements .  Such a n a l y s i s  r e q u i r e s  
complete information on t h e  behavior o f  t h e  
s t r u c t u r a l  m a t e r i a l s  t o  be used and a mathe- 
matical theory t h a t  is compat ib le  with t h i s  
behavior.  

on t h e  mechanical p r o p e r t i e s  of common engi- 
nee r ing  m a t e r i a l s ,  and many s o l u t i o n s  e x i s t  
f o r  t h e  s t r e s s  a n a l y s i s  of complex s t r u c t u r e s .  
D i f f i c u l t i e s  e x i s t ,  however, i n  t h e  a c t u a l  
s o l u t i o n  of p r a c t i c a l  problems, f o r  m o s t  o f  t h e  
d a t a  and a n a l y s i s  techniques  a r e  geared  toward 
s o l u t i o n  of e l a s t i c ,  l i n e a r ,  and equ i l ib r ium 
problems. The problems a s s o c i a t e d  wi th  t h e  
high-performance v e h i c l e s  encompass i n e l a s t i c  
behavior ,  nonl inear  load  and m a t e r i a l  charac- 
terist ics,  t r a n s i e n t  environmental  c o n d i t i o n s ,  
and time-dependent material  p r o p e r t i e s .  

S ince  even the  s i m p l i f i e d  approaches t o  
t h e  s o l u t i o n  of t hese  problems f o r  complex 
s t r u c t u r e s  a r e  q u i t e  t i m e  consuming, i t  is i m -  
p o r t a n t  t h a t  t h e  l i m i t a t i o n s  on t h e  accuracy o f  
such  s o l u t i o n s  be understood and, i n  f a c t ,  t h e  
method o f  a n a l y s i s  must be t a i l o r e d  t o  y i e l d  
accep tab le  r e s u l t s  f o r  t h e  p a r t i c u l a r  problem. 
I n  o r d e r  t o  do this,knowledge must e x i s t ,  a t  
l e a s t  i n  a genera l  w a y ,  of t h e  behavior of 
s t r u c t u r e s  and m a t e r i a l s  under cond i t ions  s i m i -  
l a r  t o  t h e  a c t u a l  problem. Th i s  is t r u e  even 
i f  an e x a c t  mathematical  s o l u t i o n  is not  a v a i l -  
a b l e  to  u s e  t h e s e  d a t a .  The c u r r e n t  s t u d i e s  
are designed to  y i e l d  informat ion  on t h e  gen- 
e r a l  behavior o f  s t r u c t u r e s  sub jec t ed  t o  r ap id -  
l y  vary ing  s t a t e s  of stress and tempera ture .  

PROGRESS DURING QUARTER 
A l l  d a t a  f o r  t h e  c u r r e n t  s t u d i e s  were ob- 

t a ined  dur ing  a m a t e r i a l s  tes t  program a t  t h e  

There is now a wealth o f  exper imenta l  d a t a  
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Pomona Div i s ion  of G e n e r a l  D y n a m i c s  t h e  pre- 
v ious  year .  These raw d a t a  have been reduced ,  
d i g i t a l i z e d , a n d  punched on IBM d a t a  c a r d s .  
Th i s  f a c i l i t a t e s  au tomat ic  p l o t t i n g  of c r e e p  
d a t a  and enab le s  t h e  computer t o  assemble d a t a  
from d i f f e r e n t  t e s t s  and t o  develop  and p l o t  
i sochronous  s t r e s s - s t r a i n  cu rves .  Creep s t r a i n  
h i s t o r i e s  hav: been p l o t t e d  f o r  22 tests, rang- 
ing  from 1000 t o  2500"F, and i sochronous  
s t r e s s - s t r a i n  cu rves  have been prepared  f o r  
f i v e  tempera tures  i n  t h i s  range. P l o t s  of 
loglo (c reep  s t r a i n )  ve r sus  loglo ( t ime)  have 
been prepared  f o r  lOOO", 1300", 1700°, and 
2100°F ( see  F ig .  2 ) .  

t i a l  loading  pe r iod  o f  t h e  c reep  tes ts ,  t h e  i n -  
s t an taneous  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  o f  
t h e  m a t e r i a l  have been determined from room 
tempera ture  t o  2500°F. These c h a r a c t e r i s t i c s  
a r e  used i n  p r e d i c t i n g  t h e  e l a s t i c  response  of 
t h e  m a t e r i a l  t o  stress and tempera ture  changes.  
The c o e f f i c i e n t  of thermal expansion has  been 
determined f o r  use  up  to  200O0F. 

t u r e  and stress l e v e l s  have been p l o t t e d ,  and 
t h e  common p o r t i o n s  of t h e  p l o t s  have been cor -  
r e l a t e d  t o  y i e l d  a comparative range  of expe r i -  
mental  r e s u l t s  ( s ee  F ig .  4 ) .  Numerical ana ly-  
ses a r e  be ing  made i n  an a t tempt  to  gene ra t e  
t h e  observed va lues  o f  deformation by apply ing  
t h e  known stress and tempera ture  h i s t o r i e s  t o  
t h e  measured m a t e r i a l  c h a r a c t e r i s t i c s  o f  therm- 
a l  expansion, s t r e s s - s t r a i n  r e l a t i o n s ,  and 
c reep  s t r a i n  behavior .  

Using s t r a i n  d a t a  recorded d u r i n g  t h e  i n i -  

The d a t a  from 12  tests of vary ing  tempera- 

DISCUSSION 
A t  t h e  p re sen t  t i m e ,  t h e r e  is a ques t ion  a s  

. t o  why t h e  thermal  expansion tes t  d a t a  do no t  
agree  wi th  p rev ious ly  publ i shed  d a t a  for t h i s  
a l l o y  (Ref. 1 ) .  The source  of t h e s e  d a t a  is 
being checked to  see i f  t h e r e  are any s i g n i f i -  
c a n t  d i f f e r e n c e s  i n  t h e  a l l o y  used or i n  t h e  
test procedures.  The d a t a  recorded du r ing  t h e  
i n i t i a l  heat-up f o r  t h e  c r e e p  tests a r e  con- 
s i s t e n t  with t h e  d a t a  taken  f o r  t h e  thermal ex- 
pans ion  c o e f f i c i e n t  measurement. 

The c reep  test d a t a  shown i n  F ig .  2 a r e  
r e a d i l y  u s a b l e  i n  p r e d i c t i n g  c reep  s t r a i n  
r a t e s  f o r  m a t e r i a l  s t r e s s e d  a t  a tempera ture  
of 1300°F. S i m i l a r o t e s t s  yere run  a t  tempera- 
t u r e s  of 500", 1000 , 2100 , and 2500'F. 
Though some sets  of t hese  d a t a  are no t  as uni -  
form i n  p a t t e r n  a s  t h e  1300'F s e t ,  it has  been 
p o s s i b l e  t o  smooth t h e  d a t a  by c r o s s - p l o t t i n g  
on an i sochronous  s t r e s s - s t r a i n  diagram. Thus, 
f o r  known va lues  of stress and tempera ture ,  t he  
c r e e p  s t r a i n  r a t e  can be e s t ima ted  based on t h e  
amount of accumulated p l a s t i c  s t r a i n .  

gene ra t e  t o t a l  s t r a i n  h i s t o r i e s  for v a r i a b l e  
stress and tempera ture  tests,  i t  may be seen  
t h a t  a l l  of t h e  deformation p rocesses  do not  go 
on s imul taneous ly .  That is, t h e r e  a r e  l a g s  i n  
c e r t a i n  phases of t h e  deformation whi le  t h e  
m a t e r i a l  goes through " incubat ion"  pe r iods  (Ref. 
2 ) .  These l a g s  have the  e f f e c t  o f  changing t h e  
maximum va lues  of t h e  t o t a l  s t r a i n  and changing 
t h e  t o t a l  s t r a i n  r a t e .  Fu tu re  p l a n s  a r e  to  
s tudy  t h e  e f f e c t  of t hese  changes on t h e  load  
ca r ry ing  c a p a b i l i t y  of t h e  s t r u c t u r e .  

REFERENCES 

I n  u s i n g  t h e  p rev ious ly  developed d a t a  t o  

1. R .  A .  Wood and H. R.  Ogden, "The A l l - B e t a  
Titanium Alloy (Ti-13V-llCr-3Al)" (Un- 
c l a s s i f i e d ) ,  Defense Metals Informat ion  
Center ,  B a t t e l l e  Memorial I n s t i t u t e  DMIC 
Report  No. 110, Apr i l  1959. 

2. R .  P .  Car reker ,  J.  G.  Leschen, and J .  D .  
Lubahn, "Trans i en t  P l a s t i c  Deformation" 
( U n c l a s s i f i e d ) ,  Trans.  AIMME, Vol. 180, 
1949, pp. 1 3 9 - 1 4 r  - 

L 



UNCLASSI Fl ED 

RESEARCH AND EXPLORATORY DEVELOPMENT I 1119 
Aeroelastic Research and Development A33BBE 
Support: RMGA (BuWeps) 
J. T. Stadter 
April - June 1965 

VIBRATION STUDIES 
I n  guided m i s s i l e  development, i t  is i m -  

p o r t a n t  t o  know t h e  f requencies  of  f r e e  v ibra-  
t i o n  of e l a s t i c  s t r u c t u r e s  and s t r u c t u r a l  ele- 
ments w i t h  good p r e c i s i o n .  For a m i s s i l e  as a 
whole, t h e  f r e q u e n c i e s  and mode shapes i n  
bending and t o r s i o n  have a s t r o n g  i n f l u e n c e  on 
c o n t r o l  s y s t e m  performance. Those of o t h e r  
s t r u c t u r a l  components such  as wings, f i n s ,  and 
panels  are c r u c i a l  f o r  a e r o e l a s t i c  ( f l u t t e r )  
behavior  i n  f l i g h t .  

The f r e e  v i b r a t i o n  of on ly  t h e  most ele- 
mentary s t r u c t u r a l  e lements  can be analyzed 
" e x a c t l y , "  and approximation methods must be 
used t o  estimate t h e  v i b r a t i o n  c h a r a c t e r i s t i c s  
of a l l  o t h e r s .  The o b j e c t  of t h e s e  v i b r a t i o n  
s t u d i e s  is t o  develop s u i t a b l e  approximation 
techniques  and t o  apply them t o  problems of  
e l a s t i c  s t r u c t u r a l  v i b r a t i o n .  

The most u s e f u l  approximation methods are 
those  which g i v e  upper and l o w e r  bounds to  t h e  
true (but  unknown) f requencies .  With such 
bounds, i t  is p o s s i b l e  to state,  f o r  example, 
t h a t  t h e  lowest  frequency of a s t r u c t u r e  is 
18.7 f 0 . 1  c p s ;  and wi th  t h e  u s e  of  approxi- 
m a t e  mode shapes  generated i n  t h e  a p p r o x i m t i n g  
procedures ,  it is a l s o  p o s s i b l e  t o  g i v e  s i m i l a r .  
estimates f o r  t h e  accuracy of t h e  c a l c u l a t e d  
mode shapes themselves.  

For upper  bounds t o  f requencies  t h e  mos t  
e f f e c t i v e  procedure is t h e  well-known Rayleigh- 
R i t z  technique.  For lower bounds, t h e  problem 
is much more d i f f i c u l t .  However, r e c e n t l y ,  
Bazley and Fox have developed a family of  
methods which have a wide range of appl ica-  
b i l i t y  i n  v i b r a t i o n  problems of s t r u c t u r a l  
mechanics. The v i b r a t i o n  s t u d i e s  a r e  concen- 
trated on t h e  f u r t h e r  development of t h e s e  tech-  
n iques  and t h e i r  e x p l o i t a t i o n  i n  s t r u c t u r a l  
v i b r a t i o n  problems. 

SUMMARY AND CONCLUSIONS 

cedures  have been appl ied  to  a v a r i e t y  of 
problems. Among t h e s e  is an  o r d i n a r y  d i f f e r -  
e n t i a l  e igenvalue  problem used by C o l l a t z  (Ref. 
1 )  , Weinstein (Ref. 2 ) ,  and Fichera  as a test 
problem f o r  t h e  e f f e c t i v e n e s s  of  lower bound 
c a l c u l a t i o n  techniques .  These r e s u l t s ,  g iven 
i n  Tables  I and 11, demonstrate how e f f e c t i v e l y  
the  method of  t r u n c a t i o n  (Ref. 3) can be em-  
ployed i n  problems of t h i s  type.  
DETMT has been used t o  v e r i f y  t h e  c a l c u l a -  
t i o n s  f o r  bounds t o  f requencies  of v i b r a t i o n  
of f r e e  r e c t a n g u l a r  p l a t e s ,  and t h e  r e p o r t  de- 
s c r i b i n g  t h e s e  r e s u l t s  has been prepared.  
The c a l c u l a t i o n  of bounds for f requencies  of 
beams on p a r t i a l  e l a s t i c  foundat ions has been 
cont inued wi th  e x c e l l e n t  r e s u l t s ,  and a calcu-  
l a t i o n  program (Ref. 4) t o  implement a method 
given i n  Ref.  5 has  been w r i t t e n  and t e s t e d .  

In t h e  per iod  covered, t h e  bounding pro- 
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FUTURE PLANS 
The d i g i t a l  computation programs cont inue  

t o  be used t o  e s t i m a t e  t h e  f requencies  of 
e l a s t i c a l l y  clamped beams and s h a f t s .  From 
t h i s  b a s i s ,  t h e  i n v e s t i g a t i o n  w i l l  be extended 
t o  i n c l u d e  e l a s t i c a l l y  clamped p l a t e s .  

T h e o r e t i c a l  s t u d i e s  w i l l  cont inue  wi th  t h e  
aim of developing and extending procedures  f o r  
e s t i m a t i n g  e igenvalues  ( f r e q u e n c i e s ) ,  e igen-  
f u n c t i o n s  (mode shapes) ,  and r e l a t e d  q u a n t i t i e s  
f o r  problems i n  s t r u c t u r a l  v i b r a t i o n .  

A newly developed method f o r  improving 
r i g o r o u s  estimates f o r  e igenvalues  of  con- 
t inuous  elastic systems w i l l  be a p p l i e d  t o  a 
v a r i e t y  of  problems. Pre l iminary  c a l c u l a t i o n s  
i n d i c a t e  t h a t  t h i s  method should prove q u i t e  
e f f e c t i v e .  

The approximation procedures  w i l l  be 
a p p l i e d  t o  p l a t e s  of  skew and o t h e r  planforms 
and to beams and s h a f t s  w i t h  a t t a c h e d  masses. 

BACKGROUND 

The f reqveneies  of f r e e  v i b r a t i o n  of 
e l a s t i c  s t r u c t u r e s  are obta ined  as t h e  eigen-  
va lues  of t h e  d i f f e r e n t i a l  s y s t e m  d e s c r i b i n g  
t h e  s t r u c t u r e .  In many cases t h i s  e igenvalue  
problem cannot be solved e x a c t l y ,  and approxi-  
mation procedures  must be used t o  estimate t h e  
e igenvalues .  The Rayleigh-Ritz method y i e l d s  
e s t i m a t e s  which a r e  upper bounds t o  t h e  eigen-  
va lues .  I n  o r d e r  t o  know t h e  e r r o r  i n  any 
approximation, i t  is necessary t o  have both 
l o w e r  and upper bounds. Techniques developed 
by Bazley and Fox provide a means f o r  o b t a i n -  
i n g  lower bounds t o  e igenvalues .  

In applying t h e s e  lower bound techniques ,  
one o b t a i n s  a base problem, which can be re- 
so lved  exac t ly= m a s  e igenvalues  below 
t h o s e  of  t h e  given problem. From t h e  base 
problem, one c o n s t r u c t s  a series of i n t e r -  
mediate  problems i n  such a w a y  t h a t  e a c h i n t e r -  
mediate  problem can be so lved  e x a c t l y  and has  
e igenvalues  which a r e  l a r g e r  than t h e  eigen-  
va lues  of the  base problem but  s m a l l e r  than 
t h o s e  of t h e  given problem. The e igenvalues  of 
t h e  i n t e r m e d i a t e  problems a r e  t h e  d e s i r e d  lower 
bounds. These a r e  obta ined  a s  t h e  r o o t s  of 

Table I 

- u" - X(1 + a sin x) u = 0 ,  
Bounds to Eigenvalues of the Differential Equation 

Even Symmetry Class, u ( z +  x) = u(-- x); a = 1.00 
u(0) = u h )  = 0 

n n 
2 

- 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10  - 

In te rmedia te  Lower Bounds 
In te rmedia te  Order 15 
Truncat ion Order 25 

0 .  540319 

5. 44864 

15.3126 

30. 1150 

49. 8533 

74. 5268 

104. 135 

138.679 

178. 157 

222.  570 

Ray ie igh-Ri  t z  
Upper Bounds 

Order 1 5  

0 .  540319 

5. 44864 

15. 31Z6  

30. 1150 

49. 8533 

74. 5268 

104. 135 

138. 679 

178. 157 

222. 371 
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f i n i t e  mat r ices ,  u s u a l l y  on a d i g i t a l  computer. 
The lower bounds can be improved ( i . e , ,  made 
l a r g e r )  by c a l c u l a t i n g  wi th  a ma t r ix  of l a r g e r  
s ize .  

Once s u f f i c i e n t l y  good upper and lower 
bounds t o  e igenvalues  have been found, it is 
then p o s s i b l e  t o  use  t h i s  i n  o t h e r  methods, 
e . g . ,  Ref. 6 ,  t o  o b t a i n  even b e t t e r  bounds. 

DISCUSSION 
An ord inary  d i f f e r e n t i a l  e igenvalue  prob- 

l e m  which is f r equen t ly  used a s  a test problem 
f o r  t h e  e f f e c t i v e n e s s  of lower bound proce- 
d u r e s  is g iven  bv - u " ( ~ )  - ~ ( 1  + a s i n  x) u (x )  = 0, 0 < x < n 

where prime denotes d i f f e r e n t i a t i o n  wi th  re- 
s p e c t  t o  x ,  X denotes t h e  e igenva lues ,  and a 
is a nonnegative parameter.  The even and odd 
s y m m e t r y  c l a s s e s  have been cons idered  sepa ra t e -  
l y .  S o l u t i o n s  which are i n  t h e  even s y m m e t r y  
c l a s s  s a t i s f y  

u(h n - x)  = u ( h  n + x) , 
and s o l u t i o n s  i n  t h e  odd symmetry c l a s s  s a t i s f y  

u (+  n - x) = - u ( 8  n + x) . 
The base  problem used i n  t h e  lower bound 

- u"(x) - Xu(x) = 0 , 0 < x < n 

u(0) = u(n) = 0 , 

procedure is 

u (0 )  = u(n)  = 0 
wi th  t h e  a d d i t i o n a l  c o n d i t i o n  

u (& n - x) = u ( 8  n + x) 
f o r  t h e  even symmetry c l a s s ,  and 

u ( 8  n - x) = - u ( +  n + x) 
f o r  t h e  odd symmetry  class. The e igenvalues  
and normalized e igen func t ions  o f  t h e  base prob- 
l e m  are g iven  by 

= ( 2 i  - 1)a  and 

u; = z s i n  (21 - 1 ) x  

f o r  t h e  even symmetry c l a s s ,  and 

Xo = ( 2 i l a  and 

uy = c s i n  2 ix  
i 

f o r  t h e  odd s y m m e t r y  c l a s s .  
T h i s  base  problem was used i n  apply ing  

t h e  method of t r u n c a t i o n  (Ref. 3) t o  g ive  t h e  
lower bounds which a r e  l i s t e d  i n  Tables  I and 
11. Af te r  t he  formulas  f o r  t h e  necessary  
m a t r i c e s  had been de r ived ,  they  were programmed 
f o r  t h e  computer and used i n  con junc t ion  wi th  
t h e  program DETMT t o  s o l v e  t h e  m a t r i x  problem 
and t h u s  y i e l d  t h e  lower bounds. 

The upper bounds were ob ta ined  us ing  t h e  
Rayleigh-Ritz procedure.  I n  t h i s  procedure ,  
i t  is necessary t o  perform a ma t r ix  d i agona l i -  
z a t i o n .  The d i g i t a l  computer was used f o r  t h i s  
ope ra t ion .  The ma t r ix  which had t o  be diagon- 
a l i z e d  is denoted by (R), and t h e  formula f o r  
t h e  element i n  t h e  i t h  row and t h e  j t h  column 
is 

8a 1 

n [l-(Ki-Kj)a][ (Ki+Kj)a-l] ' 
(R)ij = K i  6,j + - 

where 6 is Kronecker 's  d e l t a ,  
i j  

a is t h e  parameter from t h e  o r i g i n a l  

Ki = 21-1 f o r  t h e  even symmetry c l a s s ,  
problem, 

and Ki - 21 f o r  t h e  odd s y m m e t r y  c lass .  
Table  I g i v e s  bounds f o r  t h e  f i r s t  t e n  

e igenva lues  cor responding  t o  e igen func t ions  i n  
t h e  even symmetry  c l a s s ,  and Table  I1  g i v e s  
bounds for t h e  f i r s t  t e n  e igenva lues  co r re -  
sponding  to  e igen func t ions  i n  t h e  odd s y m m e t r y  
Class f o r  t h e  parameter va lue  a = 1. The lower 
bounds were ob ta ined  from a 16 th  o rde r  i n t e r -  
media te  problem us ing  a 25th  o rde r  t r u n c a t i o n .  
The upper bounds were ob ta ined  from a 15 th  
o r d e r  Rayleigh-Rite procedure.  I n  t h e s e  t a b l e s ,  
t h e  numbers have been rounded t o  s i x  f i g u r e s  
and t h e  l a s t  f i g u r e  is depressed  t o  i n d i c a t e  
t h e  rounding. 

REFERENCES 
1. 

2. 

3. 

4. 

5 .  

6. 

- 

- 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

L. C o l l a t z ,  E i  enwert  robleme und i h r e  
Numerische Behzndlun C h e l s e a u m h i n g  
Co.. 1948 .+' 
A .  Weinstel;, 'On t h e  S turm-Liouvi l le  
Theory and t h e  Eigenvalues  o f  In t e rmed ia t e  
Problems, Numerische Mathematik, Vol. 5, 
1963, pp. 238-245. 
N. W. Bazley and D. W. Fox, "Trunca t ions  
i n  t h e  Method of In t e rmed ia t e  Problems 
f o r  Lower Bounds t o  Eigenvalues ,"  J. E- 
s e a r c h  Nat. =. Standards ,  Vol. 63B, 1961. 
A l s o  APT&IU TG-609, DD. 24-33. . _ _  
N .  Rubins te in ;  A D i  i t a 1  Procedure  f o r  U s e  
o f  t h e  Method 03 *oris and Restric- 
X o T o - r z i c  Forms, APWHU TG-706, 
T3G-K- 
N. W. Bazley and D.  W. Fox, Methods f o r  
Lower Bounds t o  F r e  uenc ie s  o f  Continuous 
E l a s t i c  Systems,*G-a9, 1964, pp. 

N. W. Bazley and D. W. Fox, "Improvement 
of Bounds t o  Eigenvalues  o f  Opera to r s  of 

--- 
34-41. 

t h e  Form T*T, J: Research 
-, Vol. 68B, 1964. 

Bur. Stand- 

Table II 
Bounds to Eigenvalues of  the Differential Equation: - u" - X ( l  + a sin x )  u = 0, u(0) = u(n) = 0 

n 
Odd Symmetry Class, u(p+ x )  = - ul 

In t e rmed ia t e  Lower Bounds 
In t e rmed ia t e  Order 15  
Trunca t ion  Order 25 

2.37179 

9. 762g7 

22. 0967 

39. 3672 

61. 5731 

88. 7141 

120. 7g0 

157. 801 

199. 747 

246. 627 

- x);  a = 1.00 

Rayleigh-Ritz 
Upper Bounds 

Order 15 

2.37179 

9.  762g7 

22. 0967 

39.3672 

61. 5731 

88. 7142 

120. 7g0 

157.801 

199. 747 

246. 628 
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Support: RMGA (BuWeps) 
L. 6. Weckesser 
Apri l  - June 1965 

EVALUATION OF A METHOD OF 
COMPUTING CONVECTIVE 
HEAT TRANSFER 

On many occasions, convec t ive  hea t  t rans-  
f e r  approximations are made us ing  a tempera- 
t u r e  d i f f e r e n c e  method. U s e  of t h i s  method a t  
high tempera tures  has  been found to r e s u l t  i n  
s i g n i f i c a n t  e r r o r s .  Thus, an e s t ima t ion  of 
t h e  magnitude of t h i s  error to be expected a t  
va r ious  tempera tures  is d e s i r a b l e .  

SUMMARY 
A comparison has been made between t h e  re- 

s u l t s  found u s i n g  a temperature d i f f e r e n c e  
method for computing convec t ive  h e a t  t r a n s f e r  
on a f l a t  p l a t e  and t h e  r e s u l t s  found us ing  
t h e  f a m i l i a r  and r e l i a b l e  en tha lpy  d i f f e r e n c e  
method. I n  making t h i s  comparison, equa t ions  
used i n  t h e  two methods were combined. Upon 
combining t h e  equat ions ,  it was found that t h e  
r a t i o  o f  convec t ive  hea t  t r a n s f e r  as found by 
t h e  t w o  methods w a s  equa l  to  a ra t io  o f  s p e c i f -  
i c  hea t s ,  i .e . ,  

- = p .  % c* 
q i  

The d e f i n i t i o n s  o f  t he  symbols are pre- 
s e n t e d  i n  t h e  nomenclature which fo l lows .  When 
Z = c* t h e  h e a t  t r a n s f e r  computed by t h e  two 
methods is equal .  A comparison o f  c* and Z a t  
d i f f e r e n t  tempera ture  l e v e l s  w i l l  i n d i c a t e  t h e  
v a r i a t i o n s  to  be expected between t h e  t w o  
methods of computing h e a t  t r a n s f e r .  

P' 
P 

r - Taking t h e  temperature d i f f e r e n c e  (T 
a s  a parameter,  va lues  of Z may be determined 
f o r  d i f f e r e n t  mean temperatures.  Cons ider ing  
a l l  temperature-to-enthalpy convers ions  f o r  1 
atmoSphere of p re s su re ,  t h e  va lues  o f  Z and c 
were determined and a r e  presented  i n  F ig .  1. 
S ince  t h e  r a t i o  o f  cp t o  Z i n d i c a t e s  t h e  h e a t  
t r a n s f e r  v a r i a t i o n  between t h e  t w o  methods, 
t h i s  r a t io  w a s  determined and is p l o t t e d  i n  
F ig .  2. The d a t a  of F ig .  2 i n d i c a t e  t h a t  f o r  
a mean tempera ture  of 4000°R, t h e  v a r i a t i o n  i n  
hea t  t r a n s f e r  r e s u l t s  may exceed 30 percen t  f o r  
l a r g e  d i f f e r e n c e s  between Tr and Tw. Surp r l s -  
i ng ly ,  t h i s  is no t  t r u e  for a mean temperature 
of 5000'R. Also, i n  t h e  lower mean tempera- 
t u r e  range (below 3000°R) t h e  t w o  methods ap- 
pear  t o  ag ree  wi th in  5 percen t  f o r  a l l  va lues  
o f  (T, - Tw) cons idered .  

BACKGROUND 
Much work has been performed t o  demonstrate 

t h e  accuracy of t h e  r e f e r e n c e  en tha lpy  method 
us ing  an en tha lpy  d i f f e r e n c e  t o  compute convec- 
t i v e  hea t  t r a n s f e r .  However, t h e  writer is not  
aware of any work t h a t  p re sen t s  a comparison o f  
r e s u l t s  ob ta ined  us ing  t h i s  method t o  those  us- 
i n g  a tempera ture  d i f f e r e n c e  method. Even 
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though i t  is somewhat academic t o  make t h i s  
comparison, i n  s o m e  cases tempera ture  d i f f e r -  
ences are used to  make approximations of t he  
convec t ive  hea t ing  and an estimate o f  t h e  error 
involved i n  such  approximations would be valu- 
ab le .  Therefore ,  an a t tempt  w a s  made t o  com- 
p a r e  t h e  r e s u l t s  ob ta ined  by t h e  t w o  methods. 

DISCUSSION 
The s tudy  presented  below was performed us- 

i ng  f l a t - p l a t e  laminar boundary l a y e r  equa- 
t i o n s  s i n c e  they are t h e  most f a m i l i a r  and 
easiest  wi th  which t o  work. A s imi l a r  proce- 
du re  could  be used t o  d e f i n e  errors as soc ia t ed  
wi th  t h e  t u r b u l e n t  boundary l a y e r  equa t ions .  
The t w o  methods of computing t h e  convec t ive  
hea t  t r a n s f e r  are presented ,  followed by a com- 
b i n a t i o n  o f  equa t ions  from t h e  t w o  methods to  
a r r i v e  a t  one expres s ion  f o r  comparing r e s u l t s .  

Tem e r a t u r e  Di f f e rence  Method--The tempera- 
t u r e  di:ference method o f  computing convec t ive  



UNCLASSI Fl ED and c* i n  t h a t  t h e r e  is no common temperature 
P 

upon which t h e s e  va lues  depend. The f a c t o r  c*  
P 

is ob ta ined  from t h e  r e f e r e n c e  temperature de- 
termined from t h e  r e f e r e n c e  en tha lpy  o f  Eq. (41, 
The f a c t o r  2, on t h e  o t h e r  hand, is dependent 
on only  i, and iw s i n c e  Tr = f (1,) and Tw = 

f ( i w ) .  
and 2 can  only  be made i f  Borne res t r ic t ion  is 
placed  on T1 or il. I f  t h e  assumption is made 
t h a t  t h e  l o c a l  tempera ture  T1 equa l s  t h e  re- 
covery tempera ture  Tr,  (which i e  approximately 
t rue  i n  s t a g n a t i o n  reg ions)  then under l i k e  
p re s su re  c o n d i t i o n s  il - ir and 

o r  

Therefore ,  a comparison between c* 
P 

I* = 0 . 5  iw + 0 . 5  ir 

i* = im and T* - Tm . 
Now, t ak ing  (Tr - Tw) a s  a parameter,  

va lues  of Z can be determined f o r  d i f f e r e n t  
va lues  of Tm. 
en tha lpy  convers ions  f o r  one atmosphere o f  
p r e s s u r e , t h e  va lues  of Z and c were d e t e r -  
mined and are p resen ted  i n  F ig .  1. S ince  t h e  
r a t i o  o f  c t o  Z i n d i c a t e s  t h e  hea t  t r a n s f e r  
v a r i a t i o n  between t h e  two methods, t h i s  r a t i o  
was determined and is p l o t t e d  i n  F ig .  2.  The 
very l a r g e  d i f f e r e n c e s  a t  4000"R may poss ib ly  
be expla ined  by t h e  l a r g e  change which occur s  
in c above t h l s  temperature ( see  dashed 
curve  in Fig. 1 ) ;  however, no exp lana t ion  is 
a v a i l a b l e  f o r  t h e  r e s u l t s  found f o r  5000'R. 
Nomenclature 
c 

Cons ider ing  a l l  temperature t o  

P 

P 

P 

S p e c i f i c  h e a t  o f  a i r  (Btu/lbmoR) P 

hea t  t r a n s f e r  to a s u r f a c e  is based on t he  equa- 
t i o n :  

q,p = hT (Tr - Tw) * (1) 
I n  t h i s  equat ion ,  t h e  recovery temperatureST,, 
is determined from a recovery en tha lpy ,  and 
the  l o c a l  s t a t i c  p re s su re  us ing  t h e  d a t a  of 
Hansen (Ref. 1 ) .  The recovery en tha lpy  is com- 
puted from t h e  equat ion:  

ir = il + r V 1 2  zgJ , (2) 

where r ,  t h e  recovery f a c t o r ,  is determined 
from 

r=m. 
The convec t ive  heat t r a n s f e r  c o e f f i c i e n t ,  $, O f  

Eq. (1) is computed from t h e  express ion:  

% = 0.332 (Pr*)0'333 k+ x '  (3) 
which is f o r  laminar flow over  a f l a t  p l a t e  
and is der ived  i n  Ref. 2.  Here t h e  va lues  
followed by t h e  s u p e r s c r i p t  * a r e  eva lua ted  a t  
a r e fe rence  temperature which is determined 
from a re ference  en tha lpy  de f ined  a s :  
i* = 0 .5  i 

Using the  va lues  desc r ibed  above , the  convec- 
t i v e  hea t  t r a n s f e r  can be computed by Eq. (1 ) .  

+ 0.28 il + 0.22  lr . (4) W 

Enthalpy Dif fe rence  Method--The en tha lpy  
d i f f e r e n c e  method o f  computing convec t ive  hea t  
t r a n s f e r  may be desc r ibed  in a s i m i l a r  manner. 
I t  is based on the equation: 

The recovery enthalpy is found us ing  Eq. (2) 
and t h e  recovery f a c t o r  is aga in  computed by 

T h e  convec t ive  heat t r a n s f e r  c o e f f i c i e n t  is 
computed by: 

hi = 0.332 (Re*)0'5(Pr*)0'333 -k+ xc* 
P 

which is a l s o  for  laminar flow over  a f l a t  
p l a t e  and is der ived  i n  Ref. 2 .  Again the  
s t a r r e d  va lues  a r e  eva lua ted  a t  a r e fe rence  
temperature which is based on t h e  r e fe rence  
en tha lpy  def ined  by Eq. (4 ) .  With t h e  above 
method t h e  convective hea t  t r a n s f e r  can  be com- 
puted us ing  Eq. (5). 

Combination of Methods--The v a r i a t i o n s  be- 
tween r e s u l t s  obtained from t h e  above desc r ibed  
methods can bes t  be s t u d i e d  by f i r s t  combining 
Eqs. (3) and (6): 

r =m.  
( 6 )  

(7) - =  hT c* . 
hi p 

Def ine  Z as: 

(8) 

which has t h e  appearance of a cons t an t  s p e c i f i c  
hea t .  Next, Eqs. (1) and (5) can be combined 
t o  g i v e  

W 
ir - i 
T r  - Tw 

z =  

- 
(9) 

- 9~ = 2 (Tr - Tw) 
q i  h i  cir - iw) * 

S u b s t i t u t i n g  Eqs. (7) and (8) in (9) r e s u l t s  in 3 = $ .  C* 

q i  - 
Equation (10) shows t h a t  when Z = c* t h e  h e a t  
t r a n s f e r  computed by t h e  t w o  methods is equal .  
Therefore ,  a comparison of c* and Z a t  d i f f e r -  
e n t  temperature l e v e l s  w i l l  i n d i c a t e  t h e  va r i a -  
t i o n s  t o  be expected between s, and qi. 

A problem a r i s e s  i n  a t tempt ing  t o  compare Z 

P 

P 

2 g Acce le ra t ion  due t o  g r a v i t y  (32 .2  f t / s e c  ) 
( 1  bm/ 1 b ,,I 

h ~ Convective hea t  t r a n s f e r  c o e f f i c i e n t  
2 (B tu / f t  sec"R) 

i Enthalpy (Btu/lbm) 

i Mean entha lpy  = (Btu/lbm) 
J J o u l e ' s  cons t an t  (778  f t  lbf/Btu) 
k Thermal conduc t iv i ty  (B tu / f t  sec"R) 

2 q Convective hea t  t r a n s f e r  (B tu / f t  s e c )  
r Recovery f a c t o r  
T Temperature (OR) 

Tm 

1 + I  
m 

'r + Tw Mean temperature = 7 (OR) 

V V e l o c i t y  ( f t / s e c )  
x Reference l e n g t h  ( f e e t )  
R e  Reynolds number = f@ 

P 

P r  P r a n d t l  number = ?;E PC 

ir - iw 

Tr - Tw 
z - .  
S u b s c r i p t s  
T Values used in t h e  temperature d i f f e r e n c e  

method 
i Values used i n  t h e  en tha lpy  d i f f e r e n c e  

method 
r Recovery 
w Wall cond i t ion  
1 Local cond i t ion  
* Reference cond i t ion .  
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LIMITATIONS OF RADOME MATERIALS 
Although cons ide rab le  d a t a  are a v a i l a b l e  

on radome m a t e r i a l s ,  any many radomes have 
been cons t ruc t ed ,  t h e  o v e r a l l  environmental  
l i m i t a t i o n s  of varioum radome materials a r e  a t  
t h e  p r e s e n t  t i m e  unknown. I n  the c o n t e x t  o f  
eve r - inc reas ing  speed, and t h u s  i n c r e a s i n g l y  
seve re  environlaents,  t h e  problem assumes added 
importance. A sys t ema t i c  s tudy  t o  e s t a b l i s h  
t h e  l i m i t s  of  e x i s t i n g  radoae m a t e r i a l s  w i l l  
t hus  be a va luab le  con t r ibu t ion .  

SUM MARY 
A s tudy  t o  d e f i n e  t h e  environmental  l i m i -  

t a t i o n s  of t h e  t h r e e  b a s i c  radome m a t e r i a l s ,  
Pyroceram 9606, fused  s i l ica ,  and alumina f o r  
f o u r  bands (S, C ,  X, and K) has  been cont inued  
and cons ide rab ly  advanced over  t h e  p a s t  sev- 
e r a l  months. Work d u r i n g  t h i s  pe r iod  has  en- 
compassed t w o  areas: 
1. Maximum tempera ture  s t u d i e s  d e f i n i n g  su r -  

f a c e  me l t ing  c o n d i t i o n s  
2 .  Veloc i ty  l i m i t  s t u d i e s  f o r  de te rmining  t h e  

maximum v e l o c i t y  h i s t o r y  pe rmis s ib l e  i f  t h e  
maximum a l lowable  thermal  stress is not’ t o  
b e  exceeded. 
A number o f  maximum tempera ture  s t u d i e s  

have been completed, and t h e  necessary  d a t a  
have been ob ta ined  to  gene ra t e  a series of 
graphs which d e f i n e  the  v e l o c i t y  and time-to- 
sur face-mel t ing  f o r  a l l  materials, t h i cknesses ,  
and launch  ang le s  cons idered  i n  t h i s  s tudy .  
These graphs (of wh ich  F ig .  1 is an example) 
w e r e  genera ted  cons ide r ing  s t r a i g h t - l i n e  tra- 
jector ies  employing l i n e a r  ve loc i ty - t ime  h i s -  
t o r i e s .  

A computer program, capable  o f  computing 
t h e  v e l o c i t y  h i s t o r y  which must no t  be exceeded 
if thermal  stress f a i l u r e s  are t o  be avoided, 
has been developed and has  been “proven in”  by 
s e v e r a l  check runs. The program has  been used  
t o  gene ra t e  t h e  d a t a  shown i n  F ig ,  2 .  The 
dashed cu rves  i n  t h i s  f i g u r e  r e p r e s e n t  d a t a  
computeri by  tile new pfogrnm. The s o l i d  l i n e  
has been superimposed t o  r e p r e s e n t  t h e  v e l o c i t y  
l i m i t  beyond which thermal  stress f a i l u r e s  w i l l  
occur .  

d e f i n i n g  t h e  electrical l i m i t a t i o n s  o f  t h e  
radome materials. Thia  work h a s  r e s u l t e d  in 
es t ab l i shmen t  o f  a c r i t e r i o n  f o r  t h e  l i m i t  
e v a l u a t i o n s  and t h e  e s t ab l i shmen t  o f  r ap id  cal- 
c u l a t i o n  methods. U t i l i z i n g  the d a t a  from t h e  
maximum tempera ture  s t u d i e s  desc r ibed  above, 
work is now beginning on gene ra t ing  a c t u a l  
e l e c t r i c a l  l i m i t a t i o n  r e s u l t s .  

FUTURE PLANS 
I n  t h e  immediate f u t u r e  t h e  radome l i m i t a -  

t ions work w i l l  e n t a i l  examining t h e  ve loc i ty -  
t i m e  p l o t s  for  s u r f a c e  mel t ing  ( see  F ig .  1) f o r  

THE JOHNS HOPKINS UNIVERSITY APPLIED PHYSICS LABORATORY 

A cons ide rab le  e f f o r t  has  been expended i n  
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Fig. 1 Time-to-Surface-Melting - Von Kanan  Radome. (76518) 
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Fig. 2 Velocity Limit  of Pyroceram 9606, C-Band, 20” 
Launch Angle. (76519) 

t h e i r  v a l i d i t y  as l i m i t s  when o t h e r  t han  
s t r a i g h t  l i n e  ve loc i ty- t ime his tor ies  are con- 
s ide red .  Other ve loc i ty - t ime  his tor ies ,  such  
as those de f ined  by a h igh  a c c e l e r a t i o n  boos t  
and moderate a c c e l e r a t i o n  s u s t a i n  s y s t e m  w i l l  
be cons idered .  I n  a d d i t i o n ,  a l a r g e  number of 
v e l o c i t y  l i m i t  g raphs  i n d i c a t i n g  thermal stress 
l i m i t s  (Fig.  2) w i l l  b e  genera ted  f o r  d e f i n i n g  
t h e  maximum v e l o c i t y  which can  be flown be fo re  
a thermal stress f a i l u r e  w i l l  r e s u l t .  A large 
number w i l l  be necessary  s i n c e  each material, 
t h i ckness ,  and launch a n g l e  must be cons idered  
s e p a r a t e l y .  Work w i l l  a l s o  con t inue  on de- 
f i n i n g  t h e  electrical  l i m i t a t i o n s .  

BACKGROUND 

A need was recognized  by t h e  Bureau o f  
Naval Weapons, RMGA, f o r  d e f i n i t i o n  of t h e  en- 
vironmental  l i m i t s  of t h e  t h r e e  b a s i c  radome 
m a t e r i a l s  i n  use today:  alumina, fu sed  s i l i c a ,  
and Pyroceram 9606. Thus, an e f f o r t  was 
funded t o  de f ine  t h e s e  environmental  l i m i t a -  
t i ons .  P r i o r  t o  t h e  work desc r ibed  i n  t h i s  re- 
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p o r t ,  e f f o r t  has been expended i n  t h e  follow- 
ing  a r e a s :  
1. Determination of t h e  e f f e c t  of boundary 

l a y e r  t r ans i t i on  on thermal stress. 
2. Determination of t h e  d i f f e r e n c e  between t h e  

r e s u l t s  of one-dimensional and two-dimen- 
s i o n a l  s t u d i e s .  

3. D e f i n i t i o n  of t h e  p r o p e r t i e s  of t h e  t h r e e  
radome ma te r i a l s  as a f u n c t i o n  of tempera- 
t u r e  up t o  t h e  s o f t e n i n g  o r  mel t ing  p o i n t  
( see  Ref. 11, 

The r e s u l t s  of t h e s e  items have been r epor t ed  
i n  prev ious  progress r e p o r t s .  

DISCUSSION 

t h e  s u r f a c e  mel t ing  cond i t ions  were performed 
u t i l i z i n g  t h e  c a l c u l a t i o n  techniques  desc r ibed  
i n  Refs.  2 and 3 ,  These r e f e r e n c e s  d e s c r i b e  d 
computer program which w i l l  s imul taneous ly  
ana lyze  t h e  temperatures and thermal  stresses 
i n  radomes. The va lue  of a series of graphs  
such  a s  shown i n  F ig .  1 is t h a t  t h e  time-to- 
sur face-mel t ing  can  be p red ic t ed  f o r  any of 
t h e  t h r e e  ma te r i a l s ,  any of t h e  f o u r  bands, 
any f e a s i b l e  a c c e l e r a t i o n ,  and any launch ang le  
d e s i r e d .  Each of t h e  graphs is based upon 
s t r a i g h t - l i n e  ( l i n e a r  a l t i tude-versus- range  
h i s t o r y )  t r a j e c t o r i e s .  

A s  an example of t h e  u s e  of t h e  graphs ,  
cons ide r  F ig .  1. Suppose i t  is d e s i r e d  t o  de- 
te rmine  t h e  t ime-to-surface-melting f o r  a von 
Karman Pyroceram 9606 C-band radome Zlown on a 
s t r a i g h t - l i n e  t r a j e c t o r y  having a 20 launch 
angle  and a l inear v e l o c i t y  h i s t o r y  a s  i nd i -  
ca t ed  by t h e  dashed l i n e  i n  F ig .  1. The t i m e -  
to-surface-melting is e a s i l y  read  from t h e  
graph  t o  be 10.6 seconds.  The v e l o c i t y  a t  
i n i t i a l  su r f ace  mel t ing  is 6600 f p s .  I t  is 
expected t h a t  t h i s  series o f  graphs w i l l  be ex- 
t r e m e l y  u s e f u l  s i n c e  a l a r g e  amount of d a t a  can  
be p resen ted  i n  on ly  12 graphs ;  one f o r  each of 
t h e  t h r e e  m a t e r i a l s  and its four  bands. 

The maximum tempera ture  s t u d i e s  d e f i n i n g  

The r e s u l t s  shown i n  F ig .  2 were genera ted  
by t h e  v e l o c i t y - l i m i t  computer program which 
computes t h e  thermal stresses r e s u l t i n g  from 
an i n i t i a l  v e l o c i t y  h i s t o r y  and upon r each ing  
a pre-defined a l lowab le  streas au tomat i ca l ly  
conver t8  t o  d e f i n i n g  ve loc i t i e s  BB a f u n c t i o n  
of time t h a t  w i l l  maih ta in  t h e  thermal s t r e ~ s  
a t  t h e  maximum a l lowab le  level ,  The dashed 
curves  i n  F ig .  2 r e p r e s e n t  a c t u a l  ou tpu t  from 
t h i s  program. The s o l i d  l i n e  euperimpoeed on 
t h e  upper l i m i t s  of t h e  dashed cu rves  r ep re -  
sentm t h e  maximum v e l o c i t y  which must n o t  be 
exceeded i f  a thermal stress failure i n  t h e  
radome is to  be avoided. Th i s  p l o t  can  be used 
by f i r s t  matching m a t e r i a l ,  band, and t h e  
launch ang le  of interest wi th  t h e  proper  p l o t .  
One then p l o t s  t h e  p a r t i c u l a r  ve loc i ty- t ime 
h i s t o r y  on the  graph. I f  t h e  p e r t i c u l a r  ve- 
loc i ty- t ime h i s t o r y  of i n t e r e s t  does n o t  ex- 
ceed  t h e  s o l i d  curve, no thermal  stress f a i l -  e 
u re  w i l l  r e s u l t .  

A s i g n i f i c a n t  e f f o r t  has  been s p e n t  on t h e  
e l e c t r i c a l  a s p e c t s  of t h e  radome l i m i t a t i o n s  
work. To d a t e  t h i s  e f f o r t  has  been devoted t o  
de te rmining  t h e  c r i te r ia  by which t h e  l i m i t s  
w i l l  be de f ined  and developing r a p i d  computa- 
t i o n a l  techniques  f o r  gene ra t ing  a c t u a l  re- 
s u l t s .  
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I 

RADOME STRESSES 
The aerodynamic hea t ing  a s s o c i a t e d  wi th  

high-speed f l i g h t  induces  l a r g e  thermal  
stresses i n  t h e  s t r u c t u r e s  o f  i n t e r c e p t o r  
m i s s i l e s .  Condi t ions  are p a r t i c u l a r l y  cr i t i -  
cal  i n  t h e  radome of t h e s e  v e h i c l e s ,  where 
h e a t - t r a n s f e r  rates are h igh  and t h e  ceramic 
m a t e r i a l s  used  behave i n  a b r i t t l e  manner. As 
a r e s u l t ,  i t  is necessary  to  develop a n a l y t i c a l  
methods which a c c u r a t e l y  p r e d i c t  t h e  radome 
thermal  stresses. 

SUMMARY 
Techniques f o r  computing t h e  thermal 

stresses i n  lamina ted  radomes s i m i l a r  t o  t h a t  
shown i n  F ig .  1 have been i n v e s t i g a t e d .  The 
methods s t u d i e d  a r e  based upon s h e l l  theory ,  
thick-walled c y l i n d e r s  combined wi th  membrane 
theory ,  and c o n c e n t r i c  thick-walled c y l i n d e r  
theory .  The l a t t e r  w a s  concluded t o  be t h e  
most a p p r o p r i a t e  and is be ing  programmed f o r  
machine computation. Laminated radome con- 
f i g u r a t i o n s  t h a t  have been s t u d i e d  to  d a t e  in- 
d i c a t e  t h a t  t h e  c r i t i ca l  stresses occur  i n  t h e  
a x i a l  d i r e c t i o n  when t h e  r a t i o  of t h e  r a d i u s  
to  t h i c k n e s s  is s m a l l .  

FUTURE PLANS 
T e s t s  w i l l  be made on lamina ted  c y l i n d e r s  

and cones u s i n g  q u a r t z  lamps as a h e a t  sou rce  
t o  s u b s t a n t i a t e  t h e  t h e o r e t i c a l  r e s u l t s .  A s  
soon as t h e  method is programmed and checked 
o u t ,  i t  w i l l  be used i n  s t u d i e s  t o  de termine  
t h e  optimum c o n f i g u r a t i o n s  f o r  laminated ra- 
domes. I t  w i l l  a l s o  be used t o  determine t h e  
importance o f  t h e  tempera ture  dependence o f  t h e  
modulus of e l a s t i c i t y  i n  homogeneous radomes 
wi th  thermal g r a d i e n t s .  

BACKGROUND 
The work r e p o r t e d  is p a r t  of a l a r g e r  pro- 

gram to  develop  hypersonic  s t r u c t u r e s  and 
e s t a b l i s h  t h e  l i m i t a t i o n s  of radome materials. 
S l i p  c a s t  l amina ted  radomes are c u r r e n t l y  be- 
i ng  developed by s e v e r a l  companies. The g r e a t -  
er electrical  bandwidth and lower cost ad- 
vantage which t h e s e  radomes have i n  comparison 
t o  s o l i d  c o n f i g u r a t i o n s  have been d i scussed  i n  
Ref. 1. I t  has  been necessary  to develop 
a n a l y t i c a l  methods f o r  p r e d i c t i n g  t h e  thermal 
stresses i n  t h e s e  laminated des igns  to  e s t ab -  
l i s h  t h e i r  l i m i t a t i o n s  and determine t h e i r  
s t r u c t u r a l  m e r i t  r e l a t i v e  t o  homogeneous s o l i d  
w a l l  c o n s t r u c t i o n .  

DISCUSSION 
The g r e a t e s t  thermal  stresses i n  o g i v a l  

radomes appear  t o  occur  i n  t h e  r eg ion  where t h e  
aerodynamic flow undergoes a t r a n s i t i o n  from 
laminar to t u r b u l e n t  c o n d i t i o n s  (Ref. 2 ) .  The 

BOUNDARY CONDITIONS: Or1 (be) = -Po* u,n(bn) = -Pn 
uli (b;) = u,; + , (b;), i = 1. z..... n 
v i  ( b i )  = u i  + ,(bJ, i = 1, 2 ,..., n 

Fig. 1 Geometry of  Laminated Cylinder. (765261 

r a t io  of t h e  r a d i u s  t o  t h e  w a l l  t h i ckness  a t  
t h i s  p o i n t  is u s u a l l y  so s m a l l  t h a t  s i g n i f i -  
c a n t  errors r e s u l t  i f  t h i n - s h e l l  theory  is 
used t o  p r e d i c t  t h e  stresses. The theory  o f  
e l a s t i c i t y  s o l u t i o n  f o r  thermal  stresses i n  a 
thick-ivzlled c y l i n d e r  (Kef. 3) has  been fouod 
to be i n  accep tab le  agreement wi th  l i m i t e d  
test r e s u l t s  on aerodynamically hea ted  radomes 
(Ref. 4). I t  would be expec ted  t h a t  t h e  c r i t i -  
ca l  stresses i n  lamina ted  radomes would a lso 
occur i n  t h e  t r a n s i t i o n  r eg ion  and t h a t  they  
could  be p r e d i c t e d  by a mod i f i ca t ion  of t h e  
th ick-wal led  s o l u t i o n .  

The t h e o r e t i c a l  methods which are be ing  
s t u d i e d  f o r  computing t h e  stresses i n  laminated 
c y l i n d e r s  are as fo l lows:  
1. 
2. 

3. 
The 

Nonhomogeneous t h i n - s h e l l  t heo ry ,  
Thick-walled c y l i n d e r  core wi th  membrane 
f a c e s ,  and 
Mul t ip l e  c o n c e n t r i c  th ick-wal led  c y l i n d e r s .  
f i r s t  of t h e s e  t h e o r i e s  is t h e  m o s t  s imple  
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and is a b l e  t o  handle t h e  v a r i a b l e  e l a s t i c  
modulus of t he  lamina ted  c y l i n d e r .  However, i t  
does not  g ive  t h e  r a d i a l  stresses (which may be 
impor tan t  i n  producing de laminat ion)  and is 
very inaccura t e  f o r  t h e  s m a l l  r a t i o s  of r a d i u s  
t o  th i ckness  which occur near  t h e  nose of  an 
ogive .  The theory f o r  t h e  thick-walled c y l i n -  
d e r  core wi th  membrane f a c e s  r e s u l t s  i n  a 
c losed  form s o l u t i o n ,  but t he  expres s ions  f o r  
t h e  stresses a r e  lengthy  and t i m e  consuming 
i n  hand c a l c u l a t i o n .  The r e s u l t s  are i n  rea-  
sonably  good agreement wi th  t h e  t h i r d  (and 
m o s t  a ccu ra t e )  method which is not  s u i t a b l e  
f o r  hand c a l c u l a t i o n s .  

The concen t r i c  thick-walled c y l i n d e r  ap- 
proach has been chosen f o r  use  i n  f u r t h e r  ra- 
dome s t u d i e s  because o f  its g r e a t e r  accuracy 
and g e n e r a l i t y  and is c u r r e n t l y  being pro- 
grammed f o r  machine computation. I t  is b e s t  
expla ined  by r e f e r r i n g  t o  F ig .  1. The lam- 
i n a t e d  cy l inde r  is d iv ided  i n t o  an a r b i t r a r y  
number of concen t r i c  c y l i n d e r s  wi th  a cons t an t  
modulus of e l a s t i c i t y  w i t h i n  each r eg ion .  The 
stress and d e f l e c t i o n  equa t ions  from Ref. 3 f o r  
a thick-walled c y l i n d e r  a r e  a p p l i e d  to  each of 
t h e  concen t r i c  c y l i n d e r s .  These equa t ions  con- 
t a i n  two cons t an t s  of i n t e g r a t i o n  for each o f  
t h e  c o n c e n t r i c  c y l i n d e r s .  These a r e  eva lua ted  
by equa t ing  the  r a d i a l  stresses, err, and t h e  
d isp lacements ,  u ,  a t  each of t h e  i n t e r f a c e s  be- 
tween t h e  c y l i n d e r s .  The r a d i a l  stress is a l s o  
r equ i r ed  t o  equal t h e  app l i ed  p r e s s u r e  a t  t h e  
i n n e r  and ou te r  r a d i i  of t h e  composite c y l i n -  

d e r .  The a x i a l  stresses are  determined by 
s a t i s f y i n g  t h e  requirement t h a t  t h e  r e s u l t a n t  
a x i a l  f o r c e  is zero .  The method is gene ra l  and 
may be used t o  ana lyze  th ick-wal led  homogeneous 
c y l i n d e r s  wheE t h e r e  is a s i g n i f i c a n t  v a r i a -  
t i o n  f o r  t h e  temperature-dependent modulus 
through t h e  w a l l .  

i n d i c a t e d  t h a t  t h e  a x i a l  stresses are more 
c r i t i c a l  than  those  i n  t h e  c i r c u m f e r e n t i a l  
d i r e c t i o n .  However, i t  may be p o s s i b l e  t o  
minimize t h e s e  stresses by an optimum choice  
of t h e  d e n s i t i e s  and th i cknesses  of t h e  lami- 
n a t e s .  
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MASER RESEARCH PROGRAM 
The development o f  a wide band c a v i t y  maser 

technique  would have a p p l i c a t i o n  i n  communica- 
t i o n  s y s t e m s ,  r a d a r  and r a d i o  astronomy, and 
advanced mis s i l e - sys t ems  where very  l o w  noise 
microwave a m p l i f i c a t i o n  is d e s i r a b l e  f o r  i m -  
p roving  s y s t e m  performance. I n i t i a l  expe r i -  
mental  e f f o r t s  have been made a t  X-band. A 
cont inued  o b j e c t i v e  o f  t h e  program is t h e  ex- 
t e n s i o n  of any promising r e s u l t s ,  e s p e c i a l l y  
wi th  t h e  ze ro - f i e ld  maser technique ,  t o  masers 
o p e r a t i n g  w i t h  paramagnetic powders i n  l i t t l e  
or no magnetic f i e l d  and poss ib ly  i n  t h e  h ighe r  
microwave and m i l l i m e t e r  wave ranges.  Impor- 
t a n t  a p p l i c a t i o n s  to  m i s s i l e  radiometry would 
be p o s s i b l e  i n  t h i s  p a r t  o f  t h e  spectrum. 

SUMMARY AND CONCLUSIONS 

t i o n  of a f e r r i c  corundum powder wi th  optimum 
i r o n  c o n c e n t r a t i o n  having maser p r o p e r t i e s  
s i m i l a r  to  those  of t h e  crushed flame grown 
boule.  S ince  exper imenta l  runs  have been t e m -  
p o r a r i l y  suspended because of a move t o  newer 
and l a r g e r  l abora to ry  q u a r t e r s ,  a c t i v i t i e s  i n  
t h i s  program have been conf ined  to  assessment 
o f  a new f l u x  m e l t  p rocess  for t h e  p r e p a r a t i o n  
of i r o n  doped sapph i re  s i n g l e  c r y s t a l s  and to  . 
t h e  des ign ,  c o n s t r u c t i o n ,  and test of a spe- 
c i a l  oven w i t h  c a p a b i l i t i e s  to  1700°C. The 
h igher  tempera ture  r e q u i r e d  du r ing  t h e  second 
s t a g e  c a l c i n i n g  of t h e  f e r r i c  aluminum s u l -  
pha te s  is expec ted  t o  g i v e  t h e  powder samples 
t h e  inc reased  d e n s i t y  and conduc t iv i ty  charac- 
ter is t ic  of t h e  flame grown boule. 

way f o r  u se  i n  t h e  f l u x  m e l t  p rocess .  With 
r ega rd  t o  tempera ture ,  t h i s  p rocess  is more 
involved  s i n c e  i t  r e % u i r e s  t h e  programming of 
a coo l ing  phase of 1 t o  2"  per hour from t h e  
p o i n t  o f  maximum m e l t ,  about 1280°C. Th i s  run  
r e q u i r e s  e i g h t  t o  t e n  days.  Hopefully,  l a r g e  
t h i n  s i n g l e  c r y s t a l s  are p o s s i b l e  w i t h  a wide 

range o f  Fe3+ concen t r a t ion .  Breadboard cir- 
c u i t r y  t o  accomplish t h i s  coo l ing  program is 
being  assembled and checked. 

Machine c a l c u l a t i o n s  on t h e  IBM 7094 of t h e  
h e l i x  parameters  have been almost completed. 
The p r a c t i c a l  d e s i g n  of a t r a v e l i n g  wave h e l i x  
s t r u c t u r e  is now under way.  

FUTURE PLANS 
Completion o f  t h e  fu rnace  wi th  c a p a b i l i t y  

t o  17OO0C w i l l  permi t  resumption of t h e  i r o n  
s a p p h i r e  powder dopings v i a  the  s u l p h a t e s  and 
examination o f  a s i m i l a r  p rocess  u s i n g  equiva- 
l e n t  n i t r a t e  s a l t s .  Completion o f  t h e  second 
furnace  f o r  t h e  f l u x  m e l t  p rocess  toge the r  
wi th  t h e  hardware f o r  t h e  tempera ture  regula-  

The main problem a t  p re sen t  is t h e  prepara- 

Cons t ruc t ion  o f  a second furnace  is under 

t i o n  and coo l ing  program should  be accomplished 
du r ing  t h e  coming q u a r t e r .  I t  should  be noted 
t h a t  t h e  f l u x  m e l t  approach d i scussed  i n  a pre- 
v i o u s  r e p o r t  is p o t e n t i a l l y  s u i t a b l e  f o r  grow- 
i n g  a l a r g e  v a r i e t y  o f  doped single c r y s t a l s  
and cou ld  form t h e  b a s i s  f o r  an a d j u n c t i v e  
maser materials program e s s e n t i a l  to t h e  ex- 
t ens ion  o f  t h e  p r e s e n t  maser work i n t o  t h e  
m i l l i m e t e r  wave reg ion .  The techniques  f o r  
growing s u i t a b l e  paramagnetics by t h i s  p rocess  
through an  o u t s i d e  commercial source  would 
g e n e r a l l y  be p r o h i b i t i v e l y  c o s t l y .  

BACKGROUND AND DISCUSSION 
The f i r s t  phase o f  t h e  maser program w a s  

i n i t i a t e d  wi th  t h e  fo l lowing  o b j e c t i v e s :  (a) 
op t imize  t h e  gain-bandwidth product  o f  a re- 
f l e c t i o n  c a v i t y  ruby maser i n  s i n g l e  and mul t i -  
p l e  c a v i t y  conf igu ra t ions ,  and (b) examine t h e  
s u i t a b i l i t y  of i r o n  sapph i re  as a zero f i e l d  
maser material  w i th  p o s s i b l e  adap ta t ion  o f  t h e  
m u l t i p l e  c a v i t y  broadband techniques  developed 
i n  ( a ) .  A s  i n d i c a t e d  i n  prev ious  q u a r t e r l y  
r e p o r t s  and t h e  publ i shed  Refs. 1, 2, and 3, 
t h i s  phase of t h e  maser program has  been essen- 
t i a l l y  accomplished. 
program is concerned mainly wi th  t h e  prepara- 
t i o n  w i t h i n  APL of  a s u i t a b l e  doped Fe3+ corun- 
dum powder which could  be  used as a paramag- 
n e t i c  o p e r a t i n g  e i t h e r  i n  a c a v i t y  or t r a v e l -  
i n g  wave maser s t r u c t u r e .  I n  t h e  zero f i e l d  
mode a powder paramagnetic would allow novel  
geometr ies  i n  s l o w  wave s t r u c t u r e s  and would 
have some advantages  over  magnetic f i e l d  maser 
o p e r a t i o n  (Ref. 4 ) .  The r e s u l t s  of a l a r g e  
number of exper imenta l  r u n s  i n d i c a t e  t h e  
f e a s i b i l i t y  of a zero f i e l d  maser us ing  an  i r o n  
doped s a p p h i r e  powder. Thus f a r  t h e  optimum 
c o n c e n t r a t i o n  o f  Fe3+ appears  t o  be i n  t h e  
range  of 0 .01  to  0.025 pe rcen t .  However, t h e  
l a r g e  amount o f  pump power r e q u i r e d  f o r  inver -  
s i o n  i n d i c a t e s  t h a t  t h e  powdered samples are 
n o t  masering wi th  t h e  c h a r a c t e r i s t i c s  t y p i c a l  
o f  t h e  flame fus ion  s i n g l e  c r y s t a l  boule.  
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FLAME INTERACTION WITH MICROWAVE 
SIGNALS 

The purpose of this program is to develop 
static test methods that are useful in pre- 
dicting in-flight solid-rocket-motor flame 
interaction with microwave signals passing 
through and around the flame. 

SUMMARY AND CONCLUSIONS 
Work Area A--There are two areas of work: 

(a) G e - r k  being done in the field and 
independent effort towards determining the 
mechanisms of the flame that alter the prop- 
agation of microaave signals in the flame; 
attenuation, phase, and random variations of 
attenuation and phase; (b) measuring and ana- 
lyzing signal change data of selected rocket 
motors at C- and X-band frequencies, using 
transportable equipment specially assembled 
for this mission. 

The effects of a rocket exhaust on micro- 
wave propagation are not adequately described 
by simple plasma equations. This is because 
the plasma structure of the rocket exhaust is 
complex, turbulent, and not accurately de- 
fined. A survey of applicable work in plasma 
and flame research is presently being con- 
ducted. Theoretical and experimental studies 
at APL are also planned. 

Work Area 11--Signal level changes at C- 
and X-band have been measured for a Standard 
Missile-candidate propellant, designated FDS, 
using nonfocused microaave antennas located 
such that pr2pagation through the flame was at 
angles of 15 and 32" with respect to the 
missile centerline. 

A noise-measurement test was attempted on 
the same.rocket motor. However, acoustical 
levels at the test area caused the commercial 
wideband amplifiers to generate noise which 
exceeded the microwave carrier power level; 
thus no useful data were obtained. The noise- 
measuring system was completely redesigned to 
circumvent the acoustic noise problem. 

with the noise recording. No correlation was 
attempted since the noise measurement was un- 
successful. 

New equipment has been assembled to meas- 
ure AM-FM noise that uses a field effect tran- 
sistor (FET) amplifier ahead of a solid-state 
amplifier, instead of the tube-model amplifier 
used on the test described above. This equip- 
ment has the capability of measuring FM noise 
with a 9-cycle deviation at a 1250-cycle rate 
(49 db) and 100-cycle deviation at a 30 kc 
rate (55 db). AM noise can be measured to 
-110 db level below the carrier. It uses solid- 
state components wherever possible and has 
other new features to minimize acoustic noise 
effects. 

--- 

A sound recording was made for correlation 
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Fig. 1 Existing Noise and Attenuation Measuring 
Instrumentation. (76660) 

A paper was presented at the Interagency 
Soiid Propulsion Yeeting in 5an Francisco on 
June 10. The paper, entitled, "Effects of 
Flame Attenuation on Guidance System" was 
written by B. D. Dobbins and G. T. Munsterman. 
It was presented by blr. Dobbins. The purpose 
of the paper was to familiarize personnel con- 
cerned with propellant specifications with 
basic operation of missile guidance systems, 
and, more specifically, the effect of flame 
attenuation, the specification of flame atten- 
uation, and to clarify the meaning of the 
flame noise specifications. 

FUTURE PLANS 
-- Work Area 2--Effort toward determining the 

mechanisms which affect propagation of micro- 
wave signals through the solid-rocket motor 
flame will be continued. 
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Fig. 2 QA-2 Flame Interference Data. (76681) 

Work Area 11--Amplitude and phase noise 
prod= byhFrocket exhaust of two typical 
rocket motors flying a ballistic course will 
be measured in July. The rockets are Standard 
Missile vehicles specially instrumented for 
flame attenuation measurements. 

interaction data using small seeded alcohol 
flames will be investigated. 

Methods of obtaining microwave signal flame 

DISCUSSION 
Signal level changes of - 0 . 4  db at C-band 

(32' angle) -0.7 db at C-band, and -0.8 db at 
X-band (15O angle) were measured on a Standard 
Missile-candidate sustainer propellant. This 
propellant was designated as FDS material, 
motor number QA-2 by Allegany Ballistics Lab- 
oratory. The test was conducted at the Alle- 
gany Ballistics Laboratory in Cumberland, 
Maryland. 

so that the angles through the flame and horn 
position were common for the two frequencies. 
A dual-band receiving parabolic reflector an- 
tenna was designed to have high gain and re- 
duce the effects of external reflections on 
the measured data. It is expected that these 
antennas will be used for any rocket motor 
tests in which APL can participate in measur- 
ing microwave interaction with microwave 
signals. 

A dual-band transmitting horn was designed 

New noise measurement equipment has been 

designed and tested. It is housed in a box 
measuring approximately 2h by 36 by 2h feet 
high. Figure 1 is a block diagram of the 
equipment. 
guide delay line, three magic tees, two vari- 
able attenuators, two phase shifters, two 
microwave balanced mixers with back diodes, a 
hybrid coupler, an isolator,and various con- 
figurations of transmission line. Following 
the mixers is a 300-cycle high-pass filter; 
following the filter, the signal is amplified 
by a 30-db-gain FET amplifier. The FET ampli- 
fier is connected to a 1-mc bandwidth stereo 
preamplifier having 60-db gain. The output of 
the stereo is fed into a 300-cycle high-pass 
filter and dividing network having 0 or -20 db 
outputs to a tape recorder. Data are tape re- 
corded during rocket-motor firings. The tapes 
are subsequently analyzed with a laboratory 
spectrum analyzer to ascertain noise levels. 
Flame attenuation is also measured and re- 
corded on a visicorder strip recorder. 

the QA-2 motor is shown in Fig. 2. 

It consists of 120 feet of wave- 

An example of flame attenuation data for 
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THIN-FILM ACTIVE ELEMENTS 
The development of a thin-film triode (TFT) 

for use as an active element in thin-film 
microelectronic circuitry may provide a degree 
of reliability in high-radiation intensity 
backgrounds not yet achieved by other means. 
It will also eliminate the cumbersome need to 
attach semiconductor active elements to thin- 
film passive networks to achieve complete cir- 
cui ts. 

SUMMARY AND CONCLUSIONS 
Chlorine doping of the cadmium selenide 

semiconducting film in TFT's has been accom- 
plished in three ways with comparable results. 
The 40-mil-wide TFT's have had transconduc- 
tances as high as 20,000 pmhos. CdSe film 
thickness is monitored curing deposition and 
has been limited to 800A for most of the last 
vacuum depositions. Selected devices have been 
subjected to a continuous operation life test- 
ing program which has been underway since Feb- 
ruary of this year. The DC bias required to 
maintain an optimum operating condition has 
drifted slowly upward. 

FUTURE PLANS 
The life test results mentioned above in- 

dicated that a detailed examination of the 
physical and chemical parameters affecting the 
semiconductor-dielectric interface must be ini- 

tiated. It is the surface states at the inter- 
face which must be neutralized by the electric 
field provided by DC bias. As a direct conse- 
quence of the observed drift in the required 
DC bias, it is concluded that stable devices 
cannot be produced until the interfacial con- 
dition is clearly understood and stabilized. 
Attention must then be focussed on this aspect 
of the TFT. 

DISCUSSION 
In addition to the substrate surface dop- 

ing followed by diffusion, mentioned in the 
last quarterly report, chlorine doping has 
been accomplished by the addition of either 
sodium chloride or ferrous chloride to the 
CdSe prior to its vacuum evaporation. Table 
I illustrates the results obtained with the 
various doping materials. Concentrations by 
weight of these compounds in CdSe ranging from 
1 to 5 parts per thousand have all been used 
with success. Many other halogen salts would 
probably be equally suitable. The only limi- 
tation which might prove significant is the 
discrepancy between the vapor pressure of the 
salt and that of the CdSe in the range of tem- 
peratures at which CdSe can be deposited. The 
situation is not as serious as the above might 
imply. Should the salt dissociate at low tem- 
perature, much of the halogen might react with 
the CdSe and thus be conserved until the CdSe, 
in turn, dissociated and evaporated to recom- 
bine at the substrate along with the halogen. 

Table I 

Results of CL Doping Experiments on CdSe TFT's 

Res is t ivi ty 
(ohm-cm) 

300 

100 

900 

30 

5 

9000 

Carrier 
Mobility 
(cmZ/v-sec) 

6 

3.5 

60 

3 

7 

3 

Doping Method 

FeC13 surface 
film (post dif- 
fused) 

FeC13 surf ace 
film (post dif- 
fused) 

FeC12 coevapora- 
tion 

FeC12 coevapora- 
t ion 

FeC12 coevapora- 
tion 

NaCl coevapora- 
tion 
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With t h e  in t roduc t ion  of c h l o r i n e  doping 
o f  CdSe (Ref. l), a major o b s t a c l e  to  t h e  pro- 
duc t ion  o f  high gm TFT's has  been overcome. 
The p r i n c i p a l  o b s t a c l e s  remaining a r e  d i r e c t l y  
r e l a t e d  to  changes i n  t h e  semiconductor- 
d i e l e c t r i c  i n t e r f a c e  and t h e  semiconductor it- 
s e l f .  E lec t ron ic  s t a t e s  e x i s t  a t  t h e  i n t e r f a c e  
which have an e l e c t r i c  f i e l d  a s s o c i a t e d  wi th  
them which pene t r a t e s  a f i n i t e  dep th  i n t o  t h e  
semiconductor.  I f  t h e  s t a t e s  are accep to r  
s ta tes ,  t h e  a s soc ia t ed  e lectr ic  f i e l d  is such 
a s  t o  prevent  an a p p l i e d  f i e l d  from modulating 
t h e  semiconductor conduc t iv i ty  u n t i l  a s u f f i -  
c i e n t  DC b i a s  is a p p l i e d  to  overcome t h e  f i e l d  
caused by t h e  i n t e r f a c i a l  s t a t e s .  The d e n s i t y  
of t h e  s u r f a c e  s ta tes  is a f u n c t i o n  of t i m e  
and temperature.  The s h i f t  i n  DC b i a s  has  been 
observed t o  be l a r g e r  f o r  dev ices  under con- 
t i nuous  ope ra t ion  than  those  which have only 
been s u b j e c t  t o  s h o r t  t e s t i n g  pe r iods .  These 
r e s u l t s  are summarized i n  Table  11. The s h i f t s  
a r e  probably due t o  t h e  d i f f u s i o n  of an atmos- 
p h e r i c  c o n s t i t u e n t ,  probably oxygen, through 
t h e  S i 0  t o  t h e  i n t e r f a c e .  The h e a t i n g  r e s u l t -  
i n g  f r o m  device  o p e r a t i o n  (Ref. 2) would in-  
c r e a s e  t h e  d i f f u s i o n  ra te ,  exp la in ing  t h e  com- 
p a r a t i v e l y  l a r g e  change i n  those  dev ices  under 
cont inuous  ope ra t ion .  A l s o  compat ib le  wi th  t h e  

2496 

2496 

2496 

2496 

2496 
2496 

2496 
2496 
2040 
2040 
1872 
2304 
2040 

* 
SDecimen 

D J  7 
DM 3 

DN 6 
DO 7 

DW 9 

DR 4 
DS 4 
DT 4 
DU 7 
DV 4 
DW 5 
DX 6 
DY 6 

vg 
( i n i t i a l )  
( v o l t s )  

3 . 8  

4 . 5  

3 . 0  
4 . 5  

2 . 5  

4 . 0  
3 . 0  
1 . 5  
2 . 6  
3 . 9  
4 . 7  
3 . 2  
5 . 0  

hypo thes i s  is t h e  obse rva t ion  t h a t  experiment- 
ers u s i n g  t h i n n e r  S i 0  f i l m s  have observed r a p i d  
d e t e r i o r a t i o n  o f  dev ice  c h a r a c t e r i s t i c s .  Th i s  
is a t t r i b u t a b l e  t o  t h e  exponen t i a l  dependence 
of concen t r a t ion  of d i f f u s e d  m a t e r i a l  on d i s -  
t ance  from t h e  s u r f a c e .  

pea r  promising. The f i r s t  is t o  f i n d  a d i e l e c -  
t r i c  through which t h e  d i f f u s i o n  ra te  is re- 
duced. The second is t o  ove rcoa t  t h e  dev ices  
w i t h  a t h i c k  f i l m  t o  increase t h e  e f f e c t i v e  
d i s t a n c e  f o r  d i f f u s i o n .  The t h i r d  is t o  s a t u -  
ra te  t h e  i n t e r f a c e  wi th  s t a t e s  which would pre-  
ven t  any f u r t h e r  changes from t a k i n g  p l ace .  
The f o u r t h  is t o  f i n d  some way o f  p a s s i v a t i n g  
t h e  s u r f a c e  of t h e  semiconductor.  An expe r i -  
mental  program w i l l  be conducted i n  an a t t empt  
to  f i n d  a p r a c t i c a l  and e f f e c t i v e  means o f  
accomplishing one of t h e  above. 

Four avenues of a t t a c k  on t h i s  problem ap- 
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Table I I  

L i fe  Test Results for CdSe TFT's 

Continuous 
Opera t ing  Time 

( v o l t s )  (hours) 

* Specimens aged s u b j e c t  t o  cont inuous  o p e r a t i o n .  
** Specimens aged wi thout  a p p l i e d  power. 
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** 
Specimen 

D J  4 
DM 10 
DN 4 

D o 4  

D Q 2  
DR 2 
DS 7 
DT 

DU 
DV 
DW 

DX 

DX 

vg 
( i n i t i a l )  I ( f lEa1)  

( v o l t s )  ( v o l t s )  

3 . 0  
4 . 5  

3 . 0  
4 . 5  

2 . 5  

4 . 5  
3 . 0  

1 . 5  
2 . 5  
4 . 5  
4 . 5  
3 . 5  
4 . 5  

6 . 0  

6 . 5  

6 . 0  
5 . 5  

5 . 0  
5 . 5  

8 . 0  
7 . 5  
9 . 0  
8 . 5  
9 . 0  
7 . 5  

10 .0  
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I 

THIN-FILM RESISTOR STUDIES 
A s tudy  of t h i n  f i l m  vacuum deposited re- 

sistors is being conducted t o  determine t h e  
optimum process  parameters  for producing t h i n  
f i l m  resistors wi th  h igh  y i e l d ,  s t a b i l i t y ,  
and p r e c i s i o n .  Through i n v e s t i g a t i o n  of t h e  
electrical ,  p h y s i c a l ,  and thermal  p r o p e r t i e s  
o f  t h e s e  resistors, p rogres s  toward the im- 
provement of p a s s i v e  t h i n  f i l m  resistors f o r  
use i n  m i s s i l e s  and m i s s i l e  sys tems is be ing  
achieved. 

SUMMARY AND CONCLUSIONS 
A t e c h n i c a l  paper w a s  p repared  and de- 

l i v e r e d  a t  t h e  Four th  Annual Mic roe lec t ron ic s  
Symposium of t h e  IEEE, S t .  Louis Sec t ion ,  May 
24, 1965, on "Evaporated S i n g l e  Element Metal 
Film Resistors." The paper was publ i shed  i n  
t h e  proceedings  of t h e  symposium. The ex- 
per imenta l  p rocesses  used to i n v e s t i g a t e  t h e  
p r o p e r t i e s  o f  t h i n  f i l m  resistors and t h e  re- 
s u l t i n g  resistor c h a r a c t e r i s t i c s  w e r e  d i s -  
cussed  i n  t h i s  paper.  The major conc lus ion  
drawn i n  t h e  paper  is that t h i n  f i l m  re- 
sistors made from t h e  s i n g l e  element metals, 
aluminum, chromium, tungs t en ,  and rhenium 
can  be  m a d e  t o  r e l i a b l y  s a t i s f y  almost a l l  t h e  
needs for  resistors i n  t h i n  f i l m  microelec- 
t r o n i c  c i r c u i t  a p p l i c a t i o n s .  

t o  t r i m  t h i n  f i l m  r e s i s t o r s  t o  a v a l u e  wi th in  
s p e c i f i e d  t o l e r a n c e s .  An au tomat ic  thermal  
p u l s e r  was f a b r i c a t e d  dur ing  t h i s  q u a r t e r  and 
put i n t o  s e r v i c e .  

A u n i v e r s a l  p r e c i s i o n  resistor probe w a s  
des igned  f o r  use  i n  con junc t ion  wi th  t h e  au to-  
mat ic  thermal  p u l s e r .  I t  w i l l  be f a b r i c a t e d  
a s  soon  a s  t h e  drawings a r e  completed. 

L i f e  tests on  rhenium resistors have passed  
t h e  10,000-hour mark wi th  100 m i l l i w a t t s  o f  
power app l i ed .  Resistors wi th  s h e e t  r e s i s t a n c e  
va lues  up t o  5000 ohms/square have shown a s t a -  
b i l i t y  under load  of less than  1 pe rcen t  
change. Shee t  r e s i s t a n c e  va lues  between 5000 
and 25,000 obms/square have changed i n  va lue  
less t h a n  4 percen t  under l o a d  f o r  10,000 
hours.  Nine rhenium resistors wi th  s h e e t  re- 
s i s t a n c e  v a l u e s  ranging  f r o m  27,000 to 55,000 
ohms/square have been on s h e l f - l i f e  test f o r  
13,000 hours.  The r e s i s t a n c e  inc rease  ob- 
se rved  du r ing  t h i s  test  ranges  from 0.4 percen t  
t o  1.1 percen t .  Rhenium resistors which were 
coa ted  w i t h  magnesium f l u o r i d e  f a i l e d  c a t a s t r o -  
p h i c a l l y  w i t h i n  a 3-month pe r iod  o f  s h e l f - l i f e  
t e s t i n g .  

The res is tor  l i f e  test component hours ac- 
cumulated to da te  is summarized i n  Table 1. 

Thermal p u l s i n g  of resistors can be used  

POWER SOURCE 

0-600 VOLTS 0-lo00 VOLTS 
0-600 MA 1-20 MA 

TIMER DEVIATION 
BRIDGE CONTROL 

TEST RESISTOR 
PROBE 

Fig. 1 Block Diagram of Automatic Thermal Pulser for Thin 
Film Resistor Trimming. (76538) 

Table I 

Total Component Hours of Resistor Load Life Tests 

R e s i s t o r  Material I Component Hours 

1.58 m i l l i o n  

1.19 

.36 

Tungsten 
Molybdenum 
Rhenium wi th  MgF2 

Chromium 

Rhenium wi th  S i 0  

Tot a1 3.13 m i l l i o n  

FUTURE PLANS 
S t u d i e s  o f  t h i n  f i l m  resistors w i l l  con- 

t i n u e  i n  suppor t  of t h e  p ro to type  product ion  
e f f o r t .  Load- l i fe  and s h e l f - l i f e  t es t s  of 
rhenium resistors w i l l  be  cont inued .  

A des ign  of an  e l e c t r i c a l  test module f o r  
1-inch-square s u b s t r a t e s  w i l l  be developed t o  
accommodate breadboard packaging of 3 t o  5 
s u b s t r a t e s  i n t o  a u n i t  f o r  t e s t i n g  p r i o r  t o  
f i n a l  assembly i n  a c o n f i g u r a t i o n  c l o s e l y  
s imula t ing  t h e  f i n a l  package. 
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BACKGROUND 
The usefu lness  of t h i n  f i l m  r e s i s t o r s  i n  

mic roe lec t ron ic  c i r c u i t s  is enhanced by u l t i -  
mate c o n t r o l  of t h e  p rocess  parameters  which 
a f f e c t  p rec i s ion ,  y i e l d ,  s t a b i l i t y ,  and re- 
p r o d u c i b i l i t y .  A comprehensive s tudy  has  been 
under taken  t o  i n v e s t i g a t e  t h e  e l e c t r i c a l ,  me- 
c h a n i c a l ,  and thermal c h a r a c t e r i s t i c s  of t h i n  
f i l m  resistors. The o b j e c t i v e s  o f  t h i s  s tudy  
a r e  t o  i d e n t i f y  and opt imize  t h e s e  f a b r i c a t i o n  
p rocess  parameters.  The f i r s t  phase of t h i s  
work was devoted t o  evapora t ion  of chromium 
resistors on g l a s s  microscope s l i d e  s u b s t r a t e s  
coa ted  wi th  a s i l i c o n  monoxide p r o t e c t i v e  
f i lm .  

work was s i m i l a r  t o  t h e  f i r s t  phase and was 
completed us ing  s u b s t r a t e s  of Corning g l a s s  
number 7059 and aluminum conduct ing  lands.  
S t u d i e s  of resistors i n  500" C a i r  environment 
were made. 

t roduced ,  using rhenium meta l  a s  the evapora ted  
t h i n  f i l m  resistor m a t e r i a l .  The s tudy  o f  
chromium and rhenium resistors is con t inu ing  
w i t h  t h e  use of t he  e l e c t r o n  bombardment evapo- 
r a t i o n  technique. 

So lu t ions  t o  v a r i a t i o n s  i n  resistor toler- 
ance on a s i n g l e  s u b s t r a t e  a r e  be ing  developed 

The second phase o f  the  chromium resistor 

A t h i r d  phase of r e s i s t o r  s t u d i e s  was in-  

th rough a s tudy  of t h e  o p t i c a l  d e n s i t y  g r a d i -  
e n t s  of t h i n  f i l m s .  

Automatic thermal  p u l s i n g  is now be ing  
used t o  t r i m  t h e  t h i n  f i l m  r e s i s t o r s  t o  va lues  
w i t h i n  s p e c i f i e d  t o l e r a n c e s .  

DISCUSSION 
The au tomat ic  thermal  pu l s ing  equipment 

which was f a b r i c a t e d  and pu t  i n t o  s e r v i c e  dur- 
i n g  t h i s  q u a r t e r  c o n s i s t s  of a c o n s t a n t  cu r -  
r e n t  power source  t o  provide  the  e l e c t r i c a l  
power f o r  t h e  thermal  p u l s e ;  a decade resist- 
ance b r idge  t o  measure t h e  r e s i s t o r  va lue ;  
and an e l e c t r o n i c  t i m e r  to  determine t h e  
lehgth of t i m e  of t h e  p u l s e  and measure cy- 
cles. Also,  t h e  necessary  swi t ch ing  f u n c t i o n s  
are provided  by r e l a y s  and a s s o c i a t e d  c i r c u i t -  
r y .  The cons t an t  c u r r e n t  sou rce  is designed 
for  d i g i t a l  s e l e c t i o n  o f  d i r e c t  c u r r e n t  over  
t h e  range  of 1 to 600 mil l iamperes  i n  one 
mi l l iampere  s t e p s  w i t h  0.1 mi l l iampere  s t e p s  
below 20 m i l l i a m p e r e s .  Res is tance  measuring 
is provided  by a Wheatstone b r idge  w i t h  a 
d i g i t a l  s e l e c t i o n  range from 1 t o  100,000 ohms. 
The percentage  d e v i a t i o n  readout  is a c c u r a t e  
t o  0 .05  percen t .  The e l e c t r o n i c  t i m e r  has  two 
s e p a r a t e  ad jus tments  f o r  s e l e c t i n g  t h e  measure 
and pu l se  c y c l e s  independently over a range of 
t i m e  from 1 t o  100 seconds.  A s i m p l i f i e d  
b lock  diagram of the  au tomat ic  thermal  pu l s ing  
equipment is shown i n  F ig .  1. 
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PRODUCTION AND PROTOTYPE 
FABRICATION 

The purpose of t h i s  e f f o r t  is t o  f a b r i c a t e  
p ro to types  of t h i n  f i l m  microelectronic cir- 
c u i t s  f o r  u se  i n  Navy missiles and m i s s i l e  s y s -  
t e m s .  The technology app l i ed  i n  t h e  f ab r i ca -  
t i o n  o f  t h e s e  c i r c u i t s  is t h e  product  of t h e  
Mic roe lec t ron ic s  Group's r e s e a r c h  and develop- 
ment program on th in - f i lm  m i c r o e l e c t r o n i c s  com- 
ponents.  

SUMMARY AND CONCLUSIONS 
One u n i t  of t h e  d i r e c t  coupled o p e r a t i o n a l  

a m p l i f i e r  (DCOA) has been completed and is 
o p e r a t i n g  s a t i s f a c t o r i l y .  F i v e  u n i t s  of sub- 
s t r a t e  No. 1 are ready  f o r  thermal  trimming. 
F ive  u n i t s  o f  s u b s t r a t e  No. 2 are ready f o r  
thermal trimming. Product ion  on s u b s t r a t e  No. 
3 has  begun. Thermal trimming is provid ing  a 
f a b r i c a t i o n  f a c i l i t y  f o r  o b t a i n i n g  close va lue  
resistors and h igher  product ion  y i e l d s .  

P re l imina ry  assembly has  been completed on 
t h e  new vacuum evapora t ion  c a r r o u s e l  f o r  pro- 
t o type  and p roduc t ion  work. Both mechanical 
and electrical debugging are under way. 

FUTURE PLANS 
Five  u n i t s  of s u b s t r a t e  No. 3 w i l l  be com- 

p l e t e d ,  and a d d i t i o n a l  DCOA packages w i l l  be 
ready  f o r  test. 

t h e  g a i n s  and losses accrued i n  t h e  process .  
The thermal p u l s i n g  program h a s  been very suc- 
c e s s f u l  w i th  m o s t  f avo rab le  r e s u l t s  on rhenium 
and chromium resistors. The thermal trimming 
e l e c t r o n i c s  and ins t rument  des ign  is repor t ed  
i n  Thin Film R e s i s t o r  S tud ie s .  

The b a s i c  g a i n s  i n  t h e  thermal trimming 
o p e r a t i o n  can be desc r ibed  as  fo l lows:  (a )  
2 t o  3 Kohm chromium th in- f i lm r e s i s t o r s  of a 
250 ohm/square s h e e t  r e s i s t i v i t y  have been de- 
c reased  i n  va lue  by a s  much as 10  t o  15  pe rcen t .  
For t h e s e  va lues ,  trimming r e q u i r e s  an  approxi- 
m a t e  power d i s s i p a t i o n  o f  s o m e  t h r e e  to  f o u r  
w a t t s ;  (b )  100 t o  200 Kohms rhenium t h i n  f i l m  
resistors of a 5000 ohm/square s h e e t  r e s i s t i v -  
i t y  may be decreased  i n  va lue  as much a s  30 to 
35 pe rcen t  by d i s s i p a t i n g  about  4 t o  8 w a t t s  
i n  r epea ted  s t e p s  and m o r e  or less maintain- 
i n g  t h e  same power d i s s i p a t i o n  as r e s i s t a n c e  
dec reases ,  u n t i l  t h e  res is tor  r eaches  des ign  
v a l u e  or s t a b i l i z e s .  Should t h e  resistor 
s t a b i l i z e  b e f o r e  f i n a l  d e s i r e d  va lue  is reached ,  
i t  is necessary  t o  f u r t h e r  i n c r e a s e  t h e  c u r r e n t  
t o  a f f e c t  a f u r t h e r  decrease  i n  va lue .  I t  
should  be noted t h a t  t h e  maximum power d i s s i -  
p a t i o n  w i l l  produce a r ed  glow i n  t h e  resistor 
pa th  and, a t  t h i s  w r i t i n g ,  no adverse  a f f e c t s  
have been no t i ced  when resistors are thus  
t r e a t e d ;  however, should  t h e  c o l o r  approach t h e  
orange p o r t i o n  o f  t h e  spectrum, s e r i o u s  damage 
to t h e  resistor and t h e  s u b s t r a t e  i t s e l f  m a y  
r e s u l t .  The g l a s s  s u b s t r a t e  w i l l  o f t e n  c rack  
owing t o  t h e  very l a r g e  tempera ture  d i f f e r e n c e  
i n  such  a s m a l l  zone. 

A c i r c u i t  read-out s t a t i o n  has  been de- 
s igned  and i n s t a l l e d  wi th in  t h e  product ion  
f a c i l i t y .  Th i s  s t a t i o n  provides  a means for 

measuring t h e  a c t u a l  v a l u e  o f  t h e  unpro tec t ed  
resistors whi l e  still a t  d e p o s i t i o n  tempera- 
t u r e .  T h i s  f a c i l i t a t e s  e f f e c t i n g  a change 
shou ld  t h e  va lue  be much l a r g e r  than  can be 
brought w i th in  t o l e r a n c e  by trimming. T h i s  
u n i t  has  j u s t  been completed and is p r e s e n t l y  
under test. Upon d iscovery  o f  too high a va lue ,  
an  immediate second d e u o s i t i o n  can he made t o  

The new prototype and production carrousel f u r t h e r  lower t h e  r e s i s t a n c e  v a l u e  to  wi th in  
r each  of t h e  thermal trimming phase.  T h i s  
moni tor ing  or read-out s t e p  and t h e  second dep- 
o s i t i o n ,  i f  necessary ,  can a l l  be accomplished 

should  be  r eady  f o r  i n s t a l l a t i o n  i n  t h e  pro- 
duc t ion  vacuum u n i t .  

DISCUSSION without  breaking  vacuum and n e c e s s i t a t i n g  
ano the r  uump down. The i n t e r n a l  c i r c u i t  read- 

Close control of t h e  various component de- o u t  s t a t i o n - a l s o  pe rmi t s  c o n t i n u i t y  check of 
c a p a c i t o r s  which, i f  f a b r i c a t e d  f i r s t  and 

t i m e  and materials i n  d e p o s i t i n g  resistors on 
a s u b s t r a t e  con ta in ing  imper fec t  c a p a c i t o r s .  

s i g n  parameters  i n  t h e  p re sen t  t h in - f i lm  pro- 
duc t ion  s y s t e m  h a s  been most d i f f i c u l t .  This checked, may e l i m i n a t e  t h e  subsequent ly  wasted 
is due, by and large, to inherent incapabi l i -  
ties of t h e  system when circuit and component 
produr t ion  of t h i s  c a l i b e r  is cons idered .  But,  A t echz iquc  has also bee= devcloped i n  t h i s  
as i n  a l l  p r o g r e s s i v e  r e s e a r c h  work, c a p a b i l i -  q u a r t e r  f o r  t h e  sa lvag ing  o f  p r e d r i l l e d  and 
ties as w e l l  as shortcomings of equipment al- machined s u b s t r a t e s  on which unusable  c i r c u i t s  
ways ra ise  q u e s t i o n s  and o f t e n  SUPPlY answers have been depos i t ed .  Chemical removal proved 
t h a t  would have been o the rwise  overlooked or 
by-passed. elass s u b s t r a t e s .  A means o f  p h v s i c a l  removal 

t o  be very damaging to  t h e  7059 b o r o s i l i c a t e  

Because o f  t h e  phys ica l  i n a b i l i t y  w i t h i n  was i n v e s t i g a t e d .  
w a s  app l i ed ,  w i th  water,  t o  a f e l t  padded l a p  
and t h e  c i r c u i t  w a s  removed by po l i sh ing .  No 
adverse  e f f e c t s  were noted when a second cir- 
c u i t  w a s  depos i t ed  on t h e  sa lvaged  s u b s t r a t e .  

A 1.0 micron alumina powder 
t h e  s y s t e m  t o  correlate monitor v a l u e s  wi th  
c i r c u i t  r e s i s t a n c e s ,  a major e f f o r t  w a s  ex- 
pended to establish as precise control as pos- 
s i b l e  ove r  evapora t ion  r a t e ,  t i m e s ,  c u r r e n t s ,  
t empera ture ,  etc. These s t e p s  r e s u l t e d  i n  a Th i s  s imple  o p e r a t i o n ,  i f  proved t o  be com- 
g r e a t e r  number of c i r c u i t s  w i th  components i n  p l e t e l y  s u c c e s s f u l ,  w i l l  s a v e  much o f  t h e  
t h e  210 t o  15 pe rcen t  range ,  s t i l l  too f a r  f a b r i c a t i o n  t i m e  consumed and t h e  cost in-  
from t h e  des ign  va lues ,  and too  l o w  a y i e l d ,  volved i n  t h e  s e l e c t i o n ,  machining, and pre-  
bu t  a s t e p  i n  t h e  r i g h t  d i r e c t i o n .  The t h e r -  c i s i o n  d r i l l i n g  o f  t h e  s u b s t r a t e s ,  Rhich here- 
m a l  pu l s ing  program w a s  i n i t i a t e d  t o  de termine  tofore has  been l o s t  when c i r c u i t s  w e r e  no t  
t h e  degree  o f  c o r r e c t i o n  p o s s i b l e  of f i lmed wi th in  to l e rance  and were d i sca rded .  
and overcoa ted  c i r c u i t  resistors and t o  s tudy  
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EVAPORATION MASK FABRICATION 
The t r e n d  toward t i g h t e r  t o l e r a n c e s ,  

l a r g e r  a s p e c t  r a t i o s ,  and smaller p a t t e r n s  f o r  
i n c r e a s i n g  component packing d e n s i t i e s  i n  t h i n -  
i i  lm m i c r o e l e c t r o n i c s  makes i t  necessa ry  t o  
improve methods o f  ar twork p r e p a r a t i o n ,  micro- 
photography, and metal-mask f a b r i c a t i o n .  

The t h i n - f i l m  e v a p o r a t i o n  mask r e s e a r c h  
and development e f f o r t  is d i r e c t e d  toward i m -  
provement i n  t echn iques  o f  high q u a l i t y  mask 
f a b r i c a t i o n  w i t h  r e s p e c t  t o :  l i n e  wid th ,  
s h a r p n e s s  of edges,  t h i n n e s s  of edges ,  and 
mechanical  d u r a b i l i t y  under  prolonged use .  

SUMMARY AND CONCLUSIONS 

I n v e s t i g a r i o n  o f  t echn iques  for  r educ ing  
t h e  amount of encroachment o r  o v e r p l a t i n g  which 
t a k e s  p l a c e  d u r i n g  e v a p o r a t i o n  mask e lectro-  
forming has  been con t inued .  I t  was found t h a t  
t h e  o v e r a l l  encroacnment can be reduced from 
an average o f  about  0 . 7 5  t o  about  0.40 m i l  
p e r  a p e r t u r e  by u s i n g  a double-dip c o a t i n g  of 
a new h igh - so l id s -con ten t ,  p o s i t i v e  working 
resist .  

Employing t h e  new resist makes i t  p o s s i b l e  
t o  d e p o s i t  resist f i l m s  g r e a t e r  t han  1 m i l  i n  
t h i c k n e s s .  The t h i c k n e s s  r anges  from 28 t o  32 
microns.  S i n c e  t h e  masks are e l ec t ro fo rmed  to 
o n l y  a m i l  i n  t h i c k n e s s ,  t h e  deg ree  of en- 
croachment i s  reduced.  

The f a c t  t h a t  t h e  encroachment is no t  
e l i m i n a t e d  by d e p o s i t i n g  microimages o f  g r e a t -  
e r  than  1 m i l  i n  t h i c k n e s s  s e e m s  t o  i n d i c a t e  
t h a t  a f t e r  deve lop ing ,  t h e  resist microimage 
is not un i fo rmly  t h i c k  and t h a t  i t s  s i d e s  a r e  
n o t  p e r p e n d i c u l a r  t o  t h e  m a t r i x  s u r f a c e .  

formed u s i n g  t h e  h igh - so l id s -con ten t  resist  
and t h e  low-sol ids-content  resist appea r s  t o  
be e s s e n t i a l l y  t h e  same (F igs .  1 and 2 ) .  

FUTURE PLANS 

Q u a l i t y  o f  a p e r t u r e  edges  of masks e l e c t r o -  

I n v e s t i g a t i o n  o f  t h e  new high-sol ids-con-  
t e n t  p h o r o r e s i s r  w i l l  be conrinued.  E i f o r t  
w i l l  be d i r e c t e d  toward op t imiz ing  t h e  condi-  
t i o n s  of  a p p l i c a t i o n ,  exposure,  and development 
o f  t h e  resist i n  o r d e r  t o  de te rmine  uhe the r  i t  
is p o s s i b l e  t o  produce uniformly t h i c k  micro- 
images i n  which t h e  edges  are  pe rpend icu la r  t o  
t h e  ma t r ix .  I f  such  microimages can be pro-  
duced. t h e  encroachment o r  o v e r p l a t i n g  uh ich  
t a k e s  p l a c e  d u r i n g  evapora t ion  mask e l e c t r o -  
forming shou ld  be e l i m i n a t e d .  

BACKGROUND 
The development of a t echn ique  f o r  e l e c t r o -  

formine evapora t ion  masks d i r e c t l y  o n t o  mask 
h o l d e r s  uas  undertaken because i t  u a s  f e l t  t h a t  
t h e  problems o f  s u p p o r t  and r e g i s t r a t i o n  nould 
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he s i m p l i f i e J  i n  co ] . i son  t o  o?Rfi- e l e c t i ~ o -  
form i n y ap p 1-0 n c !I c s . n i c k e l  s u l f a ~ a t e  e lcc-  
t r o i o r x i n q  b a t h  :?as chosc:: beenus f  ;hc r c s u l t -  
i n g  n i c k e l  d e p o s i t  i s  c s c e p r i o n a l l y  low 111 
t e n s i l e  s t r e s s  ( R r f .  1 ) .  

Adoption of t!ic s t a i  
p l a c e  of tbc lo,x-:cxrcra 
used e a r l i e r  f o r  i n  s i t u  
s i m p l i f i e d  t i i c  problf-: i  o 
f rom m a t r i x .  I t  iias als 
i a b r i c a r c  masks ~ b i c k  cs  
smooth f l l l l ~ i l .  

T h e  i n i - c s i i > a t i o n  of tile p o s s i b i l i ? > -  o i  
r educ ing  cncro3chn:eiit i- oi-ei-platin;l  h\  in- 
creasin:  t!ie t h i c k n e s  of T h e  res is t  i n a c e  u a s  
dndcitakrxn i n  :I.:? e f l o  t o  c o l v p  rile proble:. 
a i l h o u l  r ~ s o i . r i n c  10 nore  c o - p l l c a ~ e d  tech- 
niques suc!: a s  s t v p  p l n ? i n y .  
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Fig .  2 Aperture Edge of Mask Electroformed Using Low- 
Solids-Content Resist.  (76540) 

In  gene ra l ,  e f f o r t  is d i r e c t e d  toward re- 
duc ing  t h e  number o f  pho tograph ic  p r o c e s s i n g  
s t e p s  i n  t h e  mask f a b r i c a t i o n  procedure s i n c e  
each  r educ t ion  r e s u l t s  i n  masks o f  h i g h e r  
q u a l i t y .  

DISCUSSION 

A number of p h o t o r e s i s t  ma te r i a l s  were i n -  
v e s t i g a t e d  i n  an e f f o r t  t o  f i n d  a method of 
d e p o s i t i n g  high-qual i ty  microimages of g r e a t -  
er  than 1 m i l  i n  t h i c k n e s s .  The m a t e r i a l s  t h a t  
were i n v e s t i g a t e d  inc luded  Kodak Pho to  R e s i s t  
(Type 2 ) ,  a composite c o a t i n g  o f  Kodak Pho to  

R e s i s t  (Type 2 )  over  Kodak Metal E tch  R e s i s t ,  

UNCLASSIFIED 

S h i p l e y  AZ-1340 p o s i t i v e  working r e s i s t ,  and 
S h i p l e y  AZ-340 h igh- so l id s -con ten t  p o s i t i v e  
working resist. 

Var ious  methods o f  a p p l y i n g  t h e  resists 
were used,  such  as  w h i r l i n g  and pour ing  i n  
s i n g l e  and doub le  c o a t i n g s .  Th ickness  meas- 
urements  were made o f  t h e  microimages u s i n g  a 
S h e f i e l d  e l ec t ron ic  micrometer. 

m i l s  u s i n g  a composi te  c o a t i n g  o f  Kodak Photo 
R e s i s t  (Type 2) o v e r  Kodak Metal E tch  R e s i s t .  
The edge d e f i n i t i o n  was poor .  The o t h e r  re- 
sists, w i t h  t h e  e x c e p t i o n  o f  S h i p l e y  AZ-340 
h igh- so l id s -con ten t  p o s i t i v e  working res is t ,  
y i e l d e d  microimages o f  l ess  than  1 m i l  i n  
t h i c k n e s s  r e g a r d l e s s  o f  t h e  method o f  a p p l i c a -  
t i o n .  I t  was p o s s i b l e  t o  d e p o s i t  a microimage 
o f  good q u a l i t y  w i t h  r e s p e c t  t o  s h a r p n e s s  of 
edges  and dimensions by u s i n g  a doub le  d i p  
c o a t i n g  o f  S h i p l e y  AZ-340 resist .  The t h i c k -  
n e s s  o f  t h e  c o a t i n g  ranged from 28 t o  32 
microns.  A 1-mi l - th i ck  mask w a s  e l e c t r o f o r m e d  
u s i n g  t h i s  c o a t i n g .  I t  had an ave rage  o v e r a l l  
encroachment o f  0 . 4  m i l  p e r  a p e r t u r e ,  a s  c o m -  
pa red  t o  0.75 m i l  p e r  a p e r t u r e  f o r  s t a t e - o f -  
t h e - a r t  masks. 

Microscopic  examinat ion of t h e  mask a f t e r  
s e p a r a t i o n  from t h e  m a t r i x  i n d i c a t e d  t h a t  en- 
croachment of approximately 0 . 2  m i l  o c c u r r e d  
on each  edge of an a p e r t u r e .  I t  a p p e a r s ,  
t h e r e f o r e ,  t h a t  t h e  s i d e s  o f  t h e  resist micro- 
image a r e  n o t  p e r p e n d i c u l a r  t o  t h e  m a t r i x  s u r -  
f a c e .  T h i s  may be due  t o  a d r o p  o f f  i n  den- 
s i t y  a t  t h e  edges  of t h e  microimage on t h e  
pho tograph ic  p l a t e  which i s  used  i n  expos ing  
t h e  s e n s i t i z e d  m a t r i x .  

A s t u d y  o f  t h e  c o n d i t i o n  o f  t h e  edges  o f  
t h e  resist microimage w i l l  be  unde r t aken .  A 
number of samples  w i l l  be p repa red  a t  d i f f e r -  
e n t  exposure t i m e s  u s i n g  a chromium p a t t e r n  de- 
p o s i t e d  on a g l a s s  p l a t e  2 i n c h e s  s q u a r e  i n -  
s t e a d  of a pho tograph ic  p l a t e  (Ref.  2 ) .  The 
d e n s i t y  o f  t h e  edges  o f  t h e  res i s t  microimages 
w i l l  be determined w i t h  a r e c o r d i n g  densi tome- 
ter. 

image edges which are  p e r p e n d i c u l a r  t o  t h e  
matr ix  u s i n g  m e t a l l i z e d  p l a t e s ,  t hey  w i l l  be 
adopted i n  p l a c e  o f  t h e  Kodak h i g h  r e s o l u t i o n  
p l a t e s .  
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MICROELECTRONIC SYSTEM 
DEVELOPMENT 

The Microe lec t ronics  C j r c u i t  Design Project 
w i t h i n  the Microe lec t ronics  Group engages i n  
v a r i o u s  t a s k s  f o r  t h e  Bureau of N a v a l  Weapons 
(BuWeps) which a r e  n o t  undertaken elsewhere.  
These a c t i v i t i e s  are d i r e c t e d  toward the a p p l i -  
c a t i o n  of a l l  forms of m i c r o e l e c t r o n i c s  - t h i n  
f i l m ,  semiconductor,  and hybrid.  

SUMMARY AND CONCLUSIONS 

modulator/demodulators,  and gyro temperature  
c o n t r o l l e r s  w e r e  rece ived  from General  Electric 
Ordnance Div is ion  t o  conclude APL subcont rac t  
181456. These  c i r c u i t s  w e r e  s p o t  checked and 
the d a t a  compared t o  t h e  d a t a  obta ined  by G. E. 
Though t h e  c i r c u i t s  i n  g e n e r a l  f a l l  s h o r t  of 
t h e  c o n t r a c t  s p e c i f i c a t i o n s ,  i n  terms of t he  
magnitude of t h e  t a s k ,  t he  t i m e  schedule ,  and 
t h e  c o s t ,  G. E. obta ined  s a t i s f a c t o r y  r e s u l t s .  

A v i s i t  was made t o  Melpar t o  check on t h e  
p r o g r e s s  of a n  a l l  t h i n  f i l m  AC supgaing cunpli- 
f i e r  they a r e  f a b r i c a t i n g  f o r  BuWeps (BBEN-4). 
One u n i t  has  been f a b r i c a t e d  and is working as 
a breadboard. T h i s  u n i t  w i l l  be forwarded t o  . 
APL f o r  e v a l u a t i o n  a f t e r  it has been encapsu- 
l a t e d  and checked out .  

During the t e s t i n g  of f i e l d - e f f e c t  t r a n -  
s i s t o r  input  s t a g e s  i n  t h e  p a r t i c l e  detector 
breadboard, t h e  performance observed suggested 
t h a t  these f i e l d - e f f e c t  t r a n s i s t o r s  could be 
used t o  f a b r i c a t e  a u s e f u l  phase-lock loop  
arrangement wi th  a s i n g l e  source  i f  they were 
proper ly  connected w i t h  two o t h e r  p a r t i c l e  
d e t e c t o r  c i r c u i t s ,  a feedback p a i r  and a s e m i -  
conductor  de lay  element.  

The m i c r o e l e c t r o n i c  AC sunming a m p l i f i e r s ,  

DISCUSSION 
Six  each,  summing a m p l i f i e r s ,  modulator/  

demodulators,  and gyro temperature  c o n t r o l l e r s  
were rece ived  from General Eiectr ic  Orcinance 
Div is ion .  A l l  the u n i t s  w e r e  checked t o  see 
i f  they  were o p e r a t i v e ,  and t h e  u n i t s  upon 
which G. E. obta ined  d a t a  w e r e  spot checked to 
v e r i f y  G. E . ' s  data .  

Summing Amplif ier--Gains  on t h i s  u n i t  w e r e  
l o w e m f a c t o r  of 20 t o  60 than  t h e  i n i t i a l  
c o n t r a c t  s p e c i f i c a t i o n s ,  (open loop c u r r e n t  
g a i n s  are 150 t o  450 i n s t e a d  of 10,000).  Be- 
cause of t h i s  low a m p l i f i e r  ga in ,  many of the  
c h a r a c t e r i s t i c s  which are f u n c t i o n s  of g a i n ,  
such as t h e  s e n s i t i v i t y  measurements, a r e  not  
as meaningful.  These low a m p l i f i e r  g a i n s  are 
r e l a t i v e l y  c o n s t a n t  w i t h  temperature ,  and 
could approach t h e  s p e c i f i e d  g a i n  of 1 . 0  f 
0.03 percent  i f  e i t h e r  t h e  input  o r  feedback 
r e s i s t o r s  w e r e  t a i l o r e d .  

E, COSWI 

I 

PHASE DETECTOR 

Fig.  1 Complete Phase-Lock Loop Circuit. (76541) 

R, 

E2cos (ot-e) 

E2cos (&-e) 

t 
RO 

Fig .  2 Equivalent Circuit of the Phase Detector. (76542) 

Modulator/Demodulator--Essentially, t h i s  
c i r c u i t  meets m o s t  of t h e  i n i t i a l  c o n t r a c t  
s p e c i f i c a t i o n s  except  f o r  the  temperature  
d r i f t .  The temperature  d r i f t  of the output  
is about t w o  o r d e r s  of magnitude g r e a t e r  t h a n  
the i n i t i a l  s p e c i f i c a t i o n .  The o f f s e t s  of 
t h e  u n i t s  are k e p t  w i t h i n  s p e c i f i c a t i o n  by 
proper  s e l e c t i o n  of a convent iona l  resistor 
i n  t h e  a m p l i f i e r .  

Gyro Temperature Control ler--This  c i r c u i t  
is t h e s t  of the t h r e e  c i r c u i t s  i n  terms of 
t h e  i n i t i a l  c o n t r a c t  s p e c i f i c a t i o n s .  A t  a 
g iven  ambient temperature  these c i r c u i t s  a r e  
c a p a b l e  of holding the gyro temperature  to t h e  
k0.2 p e r c e n t  s p e c i f i e d ,  b u t  t h e i r  nominal 
tempera tures  vary to  +lO°F of t h e  nominal 
190°F s p e c i f i e d .  Assuming it is t h e  v a r i a t i o n  
i n  temperature  r a t h e r  t h a n  the  absolu te  temper- 
a t u r e  which is important ,  t h i s  c i r c u i t  performs 
reasonably w e l l .  The nominal temperature  
v a r i e s  about +1"F i n  the  chamber e n c l o s i n g  t h e  
c i r c u i t  and gyro f o r  ambient temperature  
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changes of f100"F. Th i s  v a r i a t i o n  is dependent 
on t h e  gyro temperature chamber thermal  des ign  
and t h e  chamber used w a s  no t  of t he  b e s t  des ign  
wi th  r e s p e c t  t o  t h e  c i r c u i t  mount. 

Correc t ion  of t h e  problems e x i s t i n g  i n  t h e  
t h r e e  c i r c u i t s  would r e q u i r e  c i r c u i t  r edes ign  
more than  f a b r i c a t i o n  re f inement .  U s e  o f  t h e s e  
c i r c u i t s  would r e q u i r e  acceptance  of t h e  char -  
a c t e r i s t i c s  as is, wi th  only  r e l a t i v e l y  minor 
improvements r e s u l t i n g  from f a b r i c a t i o n  re- 
finements.  

Actual da ta  on t h e s e  c i r c u i t s  i n  t h e  form 
of a f i n a l  r epor t  i s s u e d  by t h e  Ordnance Depart- 
ment of t h e  General Electr ic  Company a r e  a v a i l -  
a b l e  through t h e  Mic roe lec t ron ic s  Group. 

Phase-lock loops ,  which o r d i n a r i l y  use 
ba lanced  t ransformers ,  o s c l l l a t o r s  and vo l t age  
s e n s i t i v e  elements t o  c o n t r o l  t h e  v o l t a g e ,  can  
be s i m p l i f i e d  us ing  semiconductor e lements  
such  a s  shown in  F ig .  1. A phase-lock loop  
g e n e r a l l y  c o n s i s t s  of a phase d e t e c t o r  com- 
p r i s i n g  t w o  f i e ld -e f f ec t  t r a n s i s t o r s  wi th  a 
common source ,  a de lay  element,  and a two- 
s t a g e  o s c i l l a t o r .  The input  s i g n a l  is a p p l i e d  
t o  t h e  two ga te s  o f  t h e  phase d e t e c t o r  and 
t h i s  is compared t o  a s i g n a l  of ElcosWt taken  
from t h e  output  of t h e  o s c i l l a t o r .  The d i f -  
f e r ence  i n  phase o f  t h e s e  t w o  s i g n a l s  is de- 
t e c t e d  as  a DC v o l t a g e  across A-B o f  t he  phase 
d e t e c t o r ,  which i n  t u r n  c o n t r o l s  t h e  f i e l d  
a c r o s s  the delay element.  Any v a r i a t i o n  of 
t h e  f i e l d  w i l l  be r e f l e c t e d  as a v a r i a t i o n  i n  
phase s h i f t  or de lay  t o  t h e  o s c i l l a t o r  s i g n a l  
t aken  a c r o s s  t h e  ou tpu t  of t he  o s c i l l a t o r .  
Thus, the output o f  t he  de lay  element synchro- 
n i zed  through the v a r i a t i o n  of t h e  f i e l d  w i l l  
c o n t r o l  t h e  frequency of o s c i l l a t i o n  of t h e  
o s c i l l a t o r .  The equ iva len t  c i r c u i t  of t he  
phase d e t e c t o r  is shown i n  Fig.  2. 

I t  can  be  shown t h a t  t h e  ou tpu t  of t h e  
phase d e t e c t o r  is va ry ing  a s  a f u n c t i o n  of 
C o d ;  e e q u a l s  t h e  phase d i f f e r e n c e .  Thus, by 
app ly ing  a f i e l d  across t h e  de l ay  l i n e  a s  a 
f u n c t i o n  of cos8,we a r e  a b l e  t o  vary  the  f r e -  
quency of o s c i l l a t i o n  accord ing  t o  t h i s  futlc- 
t i o n .  I n  t h i s  c a s e ,  t he  locus  of o s c i l l a t i o n  
f r equenc ie s  w i l l  be a func t ion  of cos@, assum- 
i n g  t h a t  t h e  de l ay  element i n t roduces  a v a r i -  
a t i o n  p r o p o r t i o n a l  w i t h  cose. Although t h i s  
technique  in t roduces  a p e r f e c t  c o n t r o l  on the  
o s c i l l a t o r ,  t h e  v a r i a t i o n  o f  t h e  o s c i l l a t i n g  
f r equenc ie s  w i l l  be  a f u n c t i o n  of cos8. But,  
it is always p o s s i b l e  t o  have a de lay  l i n e  
which in t roduces  a l i n e a r  delay wi th  cose. 

The de lay  element c o n s i s t s  of a s e m i -  
conductor r eg ion  w i t h  t w o  d i f f u s i o n s .  (See 
p rev ious  APL/JHU q u a r t e r l y  r e p o r t s  on micro- 
e l e c t r o n i c  system development f o r  d i s c u s s i o n  
o f  de lay  element.)  The t w o  o u t s i d e  ohmic con- 
t a c t s  on t h i s  element a r e  t h e  c o n t r o l  f i e l d  
a p p l i c a t i o n  po in t s .  The d i f f u s e d  a r e a  on t h e  
l e f t  is used t o  i n j e c t  t h e  minor i ty  carriers 
of t h e  o s c i l l a t i n g  a m p l i f i e r ,  w h i l e  the r i g h t  
hand j u n c t i o n  is used t o  collect t h e  minor i ty  
c a r r i e r s .  

The o s c i l l a t o r  is a double-diffused, 
d i rec t -coupled ,  two-stage a m p l i f i e r  w i t h  t w o  
p o s i t i v e  i n h e r e n t  feedbacks which cause  t h e  
o s c i l l a t i o n s .  The p o s i t i v e  feedback p a t h s  
are shown i n  a d o t t e d  p a t t e r n  i n  Fig.  2. The 
ou tpu t  of t h e  o s c i l l a t o r  is f e d  back through 

and t h e  de l ay  element t o  t h e  inpu t  of t he  

o s c i l l a t o r .  
C a l c u l a t i o n s  i n d i c a t e  t h i s  c i r c u i t  t o  be  

f e a s i b l e  wi th  p re sen t  t echn iques ;  however, 
more e x t e n s i v e  exper imenta l  v e r i f i c a t i o n  would 
be  needed. 
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RESEARCH AND EXPLORATORY DEVELOPMENT I1 1116a 
Semiconductor Microelectronics A35CME 
Support: RREN-4 (BuWeps) 
W. Liben 
April - June 1%5 

MICROELECTRONICS ENGINEERING 
HANDBOOK 

Since microelectronics is a relatively new 
art, there is a serious shortage of textbooks 
on all phases of microelectronics which may be 
used for education and training of electronic 
engineers. To remedy this sitbation, the prep- 
aration of a volume on microelectronics fabri- 
cation methods and a second volume on micro- 
electronic circuit and system design procedures 
has been undertaken. 

SUMMARY AND CONCLUSIONS 
The first volume on fabrication consists 

of seven chapters. It has beec completed, and 
250 copies will be printed in July. 

FUTURE PLANS 

The second volume in microelectronics cir- 
cuit design will be started in July; the mate- 
rial preparation should be completed during the 
next quarter. 

DISCUSSION 

seven chapters with the following titles: 

Chapter I Microelectronics 

The first volume on fabrication consists of' 

Chapter I1 

Chapter I11 

Chapter IV 

Chapter V 

Chapter VI 

Chapter VI1 

The Physics of Semiconductor 
Devices and Thin Films 

Fabrication of Thin-Film Micro- 
electronic Circuits 

Oxidation, Diffusion, and 
Epitaxy 

Semiconductor Microelectronic 
Fabrication Technology 

Thin-Film Microelectronic Com- 
ponen ts 

Components of Semiconductor 
Microelectronic Circuits 

The second volume is tentatively made up of 
the following chapters: 

Chapter VI11 Introduction 

Chapter IX Transistor Theory 

Chapter X Circuit Design 

Chapter XI Logic Circuits 

Chapter XI1 Radiation Damage 

Chapter XI11 Reliability 

Chapter XIV Devices under Development 
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RESEARCH AND EXPLORATORY DEVELOPMENT I I1116b 
Semiconductor Microelectronics A35CME 
Support: RREN-4 (BuWeps) 
G. J. Veth 
April - June 1965 

FREQUENCY DIVIDER 
T h i s  e f f o r t  is d i r e c t e d  toward t h e  des ign  

o f  a semiconductor microelectronic frequency 
d i v i d e r  employing m i c r o p o w e r  c i r c u i t r y .  Th i s  
is an  ambi t ious  problem because of t h e  s p e c i f i -  
c a t i o n  f o r  l o w  power and t h e  requirement o f  
h igh  speed. 

SUMMARY 
With t h e  u l t i m a t e  g o a l  o f  t h i s  p r o j e c t  be- 

i n g  t h e  r e a l i z a t i o n  of a frequency d i v i d e r  
u t i l i z i n g  micropower c i r c u i t r y ,  t h e  approaches 
t o  micropower c i r c u i t r y  have been i n v e s t i g a t e d  
wi th  r e s p e c t  t o  t h e  c a p a b i l i t i e s  of microelec- 
t r o n i c s  g e n e r a l l y  and t h e  c a p a b i l i t i e s  o f  our 
semiconductor f a b r i c a t i o n  c e n t e r  i n  p a r t i c u -  
l a r .  Cons ide r ing  t h e  p re sen t  and near- 
f u t u r e  c a p a b i l i t i e s  of t h e  semiconductor 
f a b r i c a t i o n  c e n t e r ,  p re sen t  e f f o r t s  a r e  be ing  
r e s t r i c t e d  t o  t h e  use of minimum p o w e r  c i r -  
c u i t s  c o n s i s t e n t  w i t h  t h e  t r i p l e - d i f f u s e d ,  
j u n c t i o n - i s o l a t i o n  process .  

Low-power, b i s t a b l e  m u l t i v i b r a t o r  c i r c u i t s  
were f a b r i c a t e d ,  bu t  improper i s o l a t i o n  of two 
s t e e r i n g  network d iodes  kep t  them from ope ra t -  
i n g  i n  a c o u n t i n g  mode. Artwork for t h e  cir- 
c u i t  has  been c o r r e c t e d ,  and new c i r c u i t s  are , 

being  f a b r i c a t e d .  

c o n f i g u r a t i o n s  have l e d  t o  c i r c u i t  conf igura-  
t i o n s  i n  which power d i s s i p a t i o n  r e d u c t i o n s  o f  
up  t o  25  p e r c e n t  below a b ina ry  serial d i v i d e r  
appear p o s s i b l e  w i t h  l i t t l e  or no s a c r i f i c e  i n  
speed. 

FUTURE PLANS 

a v a i l a b l e  p o r t i o n s  o f  t h e  frequency d i v i d e r  
w i l l  be f a b r i c a t e d .  Concurrent w i th  t h i s ,  in -  
v e s t i g a t i o n  w i l l  cont inue  i n  minimum-power cir- 
c u i t  c o n f i g u r a t i o n s  compat ib le  wi th  t h e  t r i p l e -  
d i f f u s i o n  j u n c t i o n - i s o l a t i o n  f a b r i c a t i o n  process. 

I n v e s t i g a t i o n s  i n  minimum-power-circuit 

A s  b i s t a b l e  m u l t i v i b r a t o r  c i r c u i t s  become 

DISCUSSION 

The r e d u c t i o n  i n  p o w e r  d i s s i p a t i o n  o f  a 
conven t iona l  d i s c r e t e  semiconductor logic 
c i r c u i t  is achieved  by: 
1. Lowering supply  v o l t a g e s  t o  a minimum con- 

s i s t e n t  w i t h  d e s i r e d  l o g i c  levels  and cir- 
c u i t  s t a b i l i t y .  

2. I n c r e a s i n g  a l l  r e s i s t a n c e s  cons is ten t  w i th  
speed  requi rements .  

3. Employing minimum p o w e r  c i r c u i t  concep t s  
such  as (a )  t r a n s i s t o r  minimum power cir- 
c u i t  c o n f i g u r a t i o n ,  (b) f i e l d - e f f e c t  t r a n -  
sistor minimum p o w e r  c i r c u i t  conf igura-  
t ions,  and (c )  b i p o l a r  and f i e l d - e f f e c t  
t r a n s i s t o r  complementary c i r c u i t s .  

When c o n s i d e r a t i o n  changes from conven- 
t i o n a l  t o  mic roe lec t ron ic  semiconductor cir- 
c u i t s  t h e s e  avenues f o r  convent iona l  c i r c u i t  
power r educ t ion  are l i m i t e d  acco rd ing  to t h e  
f a b r i c a t i o n  c a p a b i l i t i e s  a v a i l a b l e .  

Minimum supply  v o l t a g e s  are d i c t a t e d  by 
t h e  th re sho lds ,  o f f s e t s ,  and t o l e r a n c e s  o f  t h e  
c i r c u i t  components being used and t h e  d e s i r e d  
s t a b i l i t y  o f  t h e  c i r c u i t  w i th  r e s p e c t  to  its 
in tended  environment. I n  p a r t i c u l a r ,  an in -  
v e s t i g a t i o n  o f  t w o  o f  t h e  more popular  micro- 
e l e c t r o n i c  forms a v a i l a b l e  -- resistor capa- 
c i t o r  t r a n s i s t o r  l o g i c  (RCTL) and d iode  t r an -  
sistor l o g i c  (DTL) -- i n d i c a t e s  t h a t  a h ighe r  
supply  v o l t a g e  is requ i r ed  f o r  DTL, t han  RCXL 
owing t o  t h e  presence  o f  t h e  l e v e l  s h i f t i n g  
d iodes  i n  DTL. The only  r e s t r i c t i o n  p laced  on 
lower ing  of supply  v o l t a g e s  by t h e  f a b r i c a t i o n  
technology is wi th  r e s p e c t  to  t h e  t o l e r a n c e s  
on components, e s p e c i a l l y  r e s i s t o r s .  I n  t h e  
c o n s t r u c t i o n  o f  convent iona l  c i r c u i t s ,  5 to 10 
pe rcen t  resistor t o l e r a n c e s  are common, whereas 
i n  semiconductor i n t e g r a t e d  c i r c u i t s  15 to 20 
percen t  t o l e r a n c e s  are more common for reason- 
a b l e  p rocess ing  y i e l d s .  

Inc reas ing  c i r c u i t  r e s i s t a n c e  is l i m i t e d  
by t h e  maximum speed o f  o p e r a t i o n  and by t h e  
leakage  c u r r e n t s  i n  j u n c t i o n - i s o l a t e d  c i r c u i t s .  
I n  j u n c t i o n - i s o l a t e d  c i r c u i t s ,  t h e  ohms/square 
of t h e  resistors a r e  g e n e r a l l y  l i m i t e d  by t h e  
a c t i v e  element o f  t h e  c i r c u i t .  For c i r c u i t s  
u s ing  b i -polar  t r a n s i s t o r s  t h e  ohms/square is 
i n  t h e  range  of 100 t o  1000. Thus, t o  in-  
crease a c i r c u i t  r e s i s t a n c e ,  t h e  l e n g t h  o f  t h e  
resistors must be inc reased .  T h i s  i n c r e a s e s  
t h e  t o t a l  l eakage  c u r r e n t  i n t o  or o u t  of t h e  
res is tor .  A s  t h e  leakage  c u r r e n t  is inc reas -  
i n g ,  t h e  s i g n a l  c u r r e n t  is dec reas ing  u n t i l  a 
p o i n t  is reached  where t h e  s t a t i c  s t a b i l i t y  of 
t h e  c i r c u i t  is margina l  or where t h e  leakage  
power d i s s i p a t i o n  is i n c r e a s i n g  f a s t e r  t han  
t h e  c i r c u i t  power d i s s i p a t i o n  is decreas ing .  

leakage  c u r r e n t s  a s s o c i a t e d  wi th  junc t ion -  
i s o l a t e d  resistors. One is t o  d e p o s i t  m e t a l  
f i l m  resistors O V ~ P  t h e  circuit ox ide ,  and t h e  
second is t o  use  ox ide  i s o l a t i o n  i n s t e a d  o f  
j u n c t i o n  i s o l a t i o n .  The f i r s t  h a s  been used  
by CBS L a b o r a t o r i e s  to  produce micropower DCTL 
circuits. These t w o  techniques ,  b e s i d e s  s i g -  
n i f i c a n t l y  reducing  leakage  c u r r e n t s ,  a lso 
reduce t h e  p a r a s i t i c  capac i t ances  a s s o c i a t e d  
wi th  t h e  resistor and t h e r e f o r e  i n c r e a s e  t h e  
maximum frequency of o p e r a t i o n  of a c i r c u i t .  

In cons ide r ing  minimum power c i r c u i t  con- 
f i g u r a t i o n s ,  complementary l o g i c  types  are 
a t t r a c t i v e .  A t  p r e sen t ,  complementary b i p o l a r  
or f i e l d - e f f e c t  t r a n s i s t o r s  are no t  be ing  e f -  
f e c t i v e l y  f a b r i c a t e d  i n  semiconductor i n t e -  
g ra t ed  c i r c u i t s .  The i n c l u s i o n  of complemen- 
t a r y  s t r u c t u r e s  would r e q u i r e  an e v a l u a t i o n  o f  
t he  complementary s t r u c t u r e s  p o s s i b l e  i n  i n t e -  
g ra t ed  c i r c u i t s  w i th  r e s p e c t  t o  a c t i v e  dev ice  

Two approaches are a v a i l a b l e  t o  reduce  t h e  
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requi rements  f o r  u se  i n  micropower complemen- 
t a r y  c i r c u i t s .  T h i s  r e q u i r e s  t h e  a b i l i t y  t o  
f a b r i c a t e  a v a r i e t y  of complementary s t r u c -  
t u r e s .  I n  terms of f a b r i c a t i o n  complexity,  
a d d i t i o n a l  d i f f u s i o n s  a r e  r equ i r ed  t o  make c o m -  
plementary s t r u c t u r e s  over  s ing le- type  s t r u c -  
t u r e s  wi th  add i t iona l  c o n t r o l s  on t h e  oxide  
c h a r a c t e r i s t i c s  and t h i c k n e s s  i f  metal-oxide- 
s i l i c o n  (MOS) f i e l d - e f f e c t  t r a n s i s t o r s  a r e  
be ing  f ab r i ca t ed .  

I n t e g r a t e d  c i r c u i t s  employing only  f i e l d -  
e f f e c t  t r a n s i s t o r s  a r e  capable  of lower power 
d i s s i p a t i o n s  than b i p o l a r  t r a n s i s t o r  c i r c u i t s ,  
bu t  are no t  capable of as high an ope ra t ing  
speed. Optimization o f  f i e l d - e f f e c t  t r a n s i s -  
t o r s  r e q u i r e s  d i f f u s i o n  schedu les  which a r e  
d i f f e r e n t  from those  used f o r  making b i p o l a r  
t r a n s i s t o r s  bes ides  r e q u i r i n g  c o n t r o l  of ox ide  
c h a r a c t e r i s t i c s  and th i ckness  when cons ide r ing  
MOS f i e l d - e f f e c t  t r a n s i s t o r s .  

conductor f a b r i c a t i n g  c e n t e r  is d i r e c t e d  
toward e s t a b l i s h i n g  a r e l i a b l e  t r i p l e - d i f f u s i o n  
p rocess  capable  o f  producing a micropower t r an -  
s i s t o r ,  many of t h e  avenues t o  micropower cir- 
c u i t r y  a s  d i scussed  must be ignored  u n t i l  t h e  

S ince  t h e  present  e f f o r t  i n  t he  CME s e m i -  

c a p a b i l i t i e s  o f  t h e  f a b r i c a t i o n  s e c t i o n  a r e  ex- 
tended. Thus t h e  f requency  d i v i d e r  is be ing  
des igned  us ing  minimum power c i r c u i t s  c o n s i s t -  
e n t  w i th  t h e  t r i p l e - d i f f u s e d  j u n c t i o n - i s o l a t i o n  
p rocess .  

I n  t h i s  connec t ion ,  a new d i v i s i o n  tech-  
n ique  developed by NASA t h a t  u s e s  b i p o l a r  
t r a n s i s t o r s  and t h a t  promises about  a 25 per -  
c e n t  power d i s s i p a t i o n  r educ t ion  compared t o  
a s t r a i g h t  s e r i a l  b ina ry  d i v i s i o n  cha in  is 
be ing  i n v e s t i g a t e d .  

F i r s t  a t t empt s  a t  f a b r i c a t i n g  t h e  i n i t i a l  
a s t a b l e  m u l t i v i b r a t o r  s t a g e  o f  t h e  f requency  
d i v i d e r  were unsuccess fu l .  The re fo re ,  it w a s  
dec ided  t o  f a b r i c a t e  one of t h e  o t h e r  less 
c r i t i c a l  b i s t a b l e  m u l t i v i b r a t o r  c i r c u i t s  capa- 
b l e  of b ina ry  d i v i s i o n .  B i s t a b l e  m u l t i v i b r a t o r  
c i r c u i t s  were produced which opera ted  as s t a t i c  
f l i p - f l o p s ,  but would not  o p e r a t e  i n  a count- 
i n g  mode. Subsequent i n v e s t i g a t i o n s  d i s c l o s e d  
t h a t  t w o  of t h e  d iodes  i n  t h e  s t e e r i n g  network 
of t h e  c i r c u i t  were no t  p rope r ly  i s o l a t e d ,  t hus  
i n h i b i t i n g  proper  o p e r a t i o n  of t h e  s t e e r i n g  
network. Th i s  w a s  c o r r e c t e d  by an i s o l a t i o n  
mask change. More c i r c u i t s  are now be ing  fab- 
r i c a t e d .  
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RESEARCH AND EXPLORATORY DEVELOPMENT 1 11/17 
Radiation Damage Studies A35CME 
Support: DASA through RMGA-8 (BuWeps) 
R. A. Freiberg 
January - June 1965 

NUCLEAR RADIATION STUDIES 
T h i s  e f f o r t  is t o  assist  t h e  Missile 

Guidance and Airframe Branch, Bureau of Naval 
Weapons, w i th  t h e i r  s tudy ,  suppor ted  by t h e  
Defense A t o m i c  Suppor t  Agency (DASA), on t h e  
e f f e c t s  of t r a n s i e n t  nuc lea r  r a d i a t i o n  on m i s -  
s i l e  e l e c t r o n i c s  (TRE). 

SUMMARY 
A c t i v i t i e s  suppor t ing  t h i s  program f o r  t h e  

six-month pe r iod  through June are l i s t e d  below: 
During t h e  week of January 18 t o  22, insu- 

la ted-ga te  th in - f i lm  cadmium s e l e n i d e  t r a n s i s -  
tors  (TIT'S) from Melpar w e r e  i r r a d i a t e d  wi th  
a d i r e c t  e l e c t r o n  beam equ iva len t  to  a gamma 
f l u x  o f  lo9  to  l o l o  roentgens /sec  i n  t h e  Hughes 
L inea r  a c c e l e r a t o r  (LINAC). A r e p o r t  of t h e s e  
r e s u l t s  w a s  f u rn i shed  t o  BuWeps f o r  program d i -  
r e c t i o n  (Ref. 1 ) .  This  test w a s  preceded by a 
meeting a t  Melpar on January  7 .  

A second series of tests us ing  t h e  Melpar 
dev ices  was conducted du r ing  t h e  week o f  March 
1-5 i n  t h e  Hughes LINAC t o  ex tend  t h e  r e s u l t s  
of t h e  f i r s t  series. A r e p o r t  on  t h i s  series 
has  no t  y e t  been d i s t r i b u t e d ,  b u t  t h e  r e s u l t s  
have been made known t o  BuWeps. 

Group Meeting w a s  hos ted  a t  APL. A good por- 
t i o n  of t he  r e s u l t s  of t h e  second test  series 
on TFT's was d i s c l o s e d  then. 

On March 24 r e p r e s e n t a t i v e s  of Naval 
Avionics F a c i l i t y ,  Ind ianapo l i s  (NAFI) and PID 
of BuWeps v i s i t e d  APL to  d i s c u s s  t h e  f i r s t  
series r e s u l t s .  

v i s i t e d  t o  review Navy sponsored TRE s t u d i e s .  

s u l t s  o f  t h e  f i r s t  th in- f i lm tests,  was g iven  
a t  t h e  Navy Mic roe lec t ron ic  Conference a t  
Montere y , C a l i f  or n i a  . 

On A p r i l  8 ,  Varian Assoc ia tes  and Phys ic s  
I n t e r n a t i o n a l ,  P a l o  A l t o ,  C a l i f o r n i a ,  were 
v i s i t e d  t o  d i s c u s s  t h e  l i n e a r  a c c e l e r a t o r  and 
t h e  f l a s h  X-ray ,  r e s p e c t i v e l y .  

On A p r i l  12 and 13, APL hos ted  t h e  Second 
Navy Symposium on t h e  T r a n s i e n t  E f f e c t s  o f  
Nuclear Rad ia t ion  on E l e c t r o n i c s  (TRE) a t  
Howard County. A l l  s e r v i c e s  w e r e  r ep resen ted .  
A p r e s e n t a t i o n  of t h e  up-dated r e s u l t s  o f  t h e  
t w o  t h in - f i lm  tests w a s  g iven  aga in .  

On A p r i l  20 a v i s i t  w a s  made t o  t h e  Naval 
Research Labora tory  (NRL) to  d i s c u s s  t h e i r  TRE 
problems and t o  v i s i t  t h e i r  LINAC f a c i l i t y .  

On May 12 th ,  a DASA Mic roe lec t ron ic  Work- 
i n g  Group Meeting c a l l e d  by R o m e  A i r  Develop- 
ment Center  (RADC) was a t t ended  a t  F o r t  Mon- 

On March 12  a DASA Mic roe lec t ron ic  Working' 

On Apr i l  5 t h e  Hughes A i r c r a f t  Company w a s  

On A p r i l  7 a paper,  e s s e n t i a l l y  on t h e  re- 
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mouth, N e w  Je r sey ,  as a BuWeps r e p r e s e n t a t i v e .  
On June  1, 2, and 3 t h e  annual DASA TRE 
P r o j e c t  O f f i c e r s  meeting w a s  a t t ended  a t  t h e  
Pentagon. 

FUTURE PLANS 

P a r t i c i p a t i o n  as a s s i s t a n t  to  RMGA-8 o f  t h e  
Bureau of Naval Weapons w i l l  be cont inued .  

DISCUSSION AND BACKGROUND 

TRE s t u d i e s  sponsored by RMGA of BuWeps are 
be ing  conducted by t h e  Hughes A i r c r a f t  Company. 
These s t u d i e s  now are concen t r a t ing  on test- 
i n g  a l l - t h in - f i lm  mic roe lec t ron ic  c i r c u i t s  
supp l i ed  p r i n c i p a l l y  by Melpar, Incorpora ted ,  
fo r  high tempera ture  (<5OO0C) ope ra t ion  i n  a 
nuc lea r  environment. The r epor t ed  tests have 
been of an e x p l o r a t i v e  n a t u r e  f o r  t h e  purposes 
of  a s s i s t i n g  BuWeps i n  program d e f i n i t i o n .  
Seve ra l  impor tan t  d e f i n i n g  r e s u l t s  were noted 
which can be s t a t e d  q u a l i t a t i v e l y  here .  

1. Supposed TFT i n s t a b i l i t i e s  proved r a t h e r  t o  
be t h e  problem o f  e s t a b l i s h i n g  equ i l ib r ium 
which w a s  c o n t r o l l e d  by modifying i n s t r u -  
mentation and exper imenta l  procedure.  

2. TFT ou tpu t  d i s t u r b a n c e s  du r ing  r a d i a t i o n  
w e r e  no t  caus ing  s a t u r a t i n g  c u r r e n t s  from 
t h e  dev ice  a t  lo1' roentgens /sec  and t h e  
ou tpu t  e s s e n t i a l l y  followed t h e  r a d i a t i o n  
pu l se  t i m e  h i s t o r y  excep t  f o r  a s m a l l  t a i l .  

3. A g r e a t  p a r t  of t h e  d i s tu rbance  w a s  d e t e r -  
mined t o  be very dependent upon t h e  s u r -  
rounding a i r - p r e s s u r e ,  i n s u l a t i o n ,  and de- 
v i c e  topology. 

4. A method of i s o l a t i n g  t h e  va r ious  con t r ibu -  
t i o n s  t o  t h e  o v e r a l l  e f f e c t  has been out- 
l i n e d  by us ing  up t o  nine-device-configura- 
t i o n  permuta t ions .  Three of t h e s e  permuta- 
t i o n s  were used i n  t h e s e  tests. 
The r e s u l t s  and a n a l y s i s  have sugges ted  

new and modified tests which are be ing  i n s t r u -  
mented. 

is r e f e r r e d  t o  Ref. 2. 
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GUIDANCE AND FUZE INVESTIGATIONS 
The v a l i d i t y  of comparative s t u d i e s  of t h e  

e f f e c t i v e n e s s  of v a r i o u s  high-explosive war- 
heads depends upon realistic assumptions about 
missile guidance and fuze p e r f o m - n c e .  

SUMMARY AND CONCLUSIONS 
To improve e f f e c t i v e n e s s  ana lyses ,  t h e  

performance of  T e r r i e r ,  T a r t a r ,  and Talos  m i s -  
s i l e  guidance and warhead f u z i n g  was examined 
us ing  a l l  a v a i l a b l e  r e s u l t s  from m i s s i l e  test 
f i r i n g s  a s  t h e  primary source  of information.  

Miss d i s t a n c e  data and t i m e  sequence re- 
cord ings  of fuze  o p e r a t i o n  i n d i c a t e  that an 
assumption of  a Gaussian d i s t r i b u t i o n  of e r r o r s  
may be i n a p p r o p r i a t e  to  d e s c r i p t i o n s  of g-uid- 
ance accuracy or fuze opera t ion .  I n  l i g h t  of 
t h e s e  d a t a ,  the  parameter sigma, 0 ,  cus tomar i ly  
used t o  q u a n t i f y  performance, appears  inade- 
qua te  t o  d e s c r i b e  o p e r a t i o n a l  errors. 

More s a t i s f a c t o r y  d e s c r i p t i o n s  of guidance 
and fuz ing  e r r o r  func t ions  are precluded by 
l i m i t a t  ions  of t h e  informat  ion-gathering-tech- 
niques.  S i g n i f i c a n t  improvement i n  q u a l i t y  
and d e t a i l  of in format ion  r e p o r t e d  from m i s s i l e  
testa must be achieved t o  permit a c c u r a t e  & f i ?  
n i t i o n  of t h e  error func t ions .  

FUTURE PLANS 
This  p h s e  of t h e  warhead suppor t ing  re- 

s e a r c h  i n v e s t i g a t i o n  i n t o  guidance and fuze 
performance is complete. No f u r t h e r  s t u d i e s  
of performance h i s t o r y  a r e  planned. 

Continued e f f o r t  w i l l  be d i r e c t e d  toward 
examination of guidance and f u z i n g  concepts  a s  
a p p l i c a b l e  t o  improvements i n  e f f e c t i v e n e s s  of 

c u r r e n t  warheads and to innovat ions  r e q u i r e d  
by novel warhead concepts .  

BACKGROUND 

used in warhead e f f e c t i v e n e s s  ana lyses ,  t h e  
re levance  of t h e  s i m u l a t i o n s  is cont ingent  
upon a p p r o p r i a t e  d e s c r i p t i o n  of system per- 
formance. The o b j e c t i v e  of t h e s e  s t u d i e s  w a s  
to  provide up-to-date d e s c r i p t i o n s  of guidance 
and fuze performance which could be u t i l i z e d  
t o  enhance t h e  e f f i c a c y  of computer s i m u l a t i o n s  
i n  e f f e c t i v e n e s s  e v a l u a t i o n s .  

i n d i c a t e d  t h a t  t h e  ins t ruments  for o b t a i n i n g  
m i s s i l e  test da ta  and d a t a  r e d u c t i o n  discrepan-  
c i e s  among the  r e p o r t i n g  agencies  e f f e c t e d  in-  
a c c u r a c i e s ,  i n c o n s i s t e n c i e s ,  and inadequacies  
in the da ta  which prec lude  formula t ion  of  w e l l -  
def ined  d e s c r i p t i o n s  of  guidance and fuze  per- 
formance. The data from f i r i n g  tests do not  
suppor t  u n q u a l i f i e d  use of normal d i s t r i b u t i o n  
f u n c t i o n s  t o  d e s c r i b e  guidance accuracy and 
fuze  d i s p e r s i o n ;  i n  f a c t ,  s e v e r a l  o t h e r  d i s t r i -  
b u t i o n  f u n c t i o n s ,  namely a t r a n s l a t e d  normal, a 
bi-modal normal, a Wiebull ,  and an  e x p o n e n t i a l  
a l s o  provide a t  least as good a d e s c r i p t i o n  o f  
t he  d i s t r i b u t i o n  of  guidance errors. 

Ins t rumenta t ion  of the m i s s i l e  test f i r i n g s  
is c u r r e n t l y  l i m i t e d  i n  its a b i l i t y  t o  provide 
adequate  informat ion  p e r t i n e n t  t o  e v a l u a t i o n  of 
ordnance e f f e c t i v e n e s s .  
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Though computer s i m u l a t i o n s  a r e  commonly 

Analysis  of da ta  from m i s s i l e  t e s t  f i r i n g s  
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C i r c u i t  Parameters  

T o t a l  Energy Stored  
Rate  of Energy Deposi t ion 
E e s i s t a n c e  
Capaci tance 
Inductance 
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Wire Parameters 

Length 
D i a m e t e r  
Mater iz l  

EXPLODING-WIRE SHOCK INTENSITY 
Exploding w i r e s  a r e  being considered for 

use a s  i n i t i a t o r s  of in te rmedia te  and second- 
a r y  e x p l o s i v e s .  The i n i t i a t i o n  mechanism of 
an  exploding  w i r e ,  however, is n o t  w e l l  under- 
s tood .  Leopold (Ref. 1 )  f e e l s  that t h e  cause 
of i n i t i a t i o n  must be something o t h e r  than  
shock;  while  t h e  r e s u l t s  of Muller,  Moore, and 
B e r n s t e i n  (Ref. Z ) ,  us ing  l o o s e l y  packed RDX, 
were c h a r a c t e r i s t i c  of shock i n i t i a t i o n s .  A 
s tudy  of t h e  thermal  a s p e c t s  of i n i t i a t i o n  is 
being made (Ref. 3); however, it is f e l t  t h a t  
a concurren t  experimental  program t o  s tudy t h e  
shock waves from exploding w i r e s  is necessary.  
The combined r e s u l t s  of t h e s e  s t u d i e s  should 
g ive  a set of c r i t e r i a  f o r  an exploding w i r e  
t o  be a good i n i t i a t o r .  

FUTURE PLANS 
Work on t h i s  p r o j e c t  was r e c e n t l y  s t a r t e d .  

A t  t h i s  t i m e  the experimental  equipment is 
be ing  assembled. 

Obviously t h e  f i r s t  q u e s t i o n  t o  be answered 
is whether t h e  shock is s t r o n g  enough to  cause 
i n i t i a t i o n .  Seay and See ly  (Ref. 4) found that 
2 . 5  k i l o b a r s  is the minimum shock pressure  that 
w i l l  i n i t i a t e  l o o s e l y  packed (1.0 gm/cc) PETN. , 

Secondly,  methods of maximizing t h e  shock 
s t r e n g t h  must be found. To accomplish t h i s ,  
each of t h e  parameters  t h a t  a f f e c t  shock 
s t r e n g t h  w i l l  be s t u d i e d  s e p a r a t e l y .  These 
parameters  can be broken i n t o  two, no t  e n t i r e l y  

Table I 

Parameters  That Affec t  Shock St rength  
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independent, groups: parameters  of t h e  c i r c u i t  
and w i r e  parameters.  These are l i s t e d  i n  Table 
I. 

Transparent  m a t e r i a l s ,  probably l i q u i d s ,  
w i l l  be used  for t h e  f i r s t  experiments  because 
the shock can be viewed as it passes  through 
the material and as  it leaves .  The materials 
used w i l l  have d e n s i t i e s  between one and t w o  
grams per cubic  cent imeter  because most explo-  
s i v e s  have s i m i l a r  d e n s i t i e s .  The idea here  
is t o  approximate an  explos ive  by a nonreac t ive  
m a t e r i a l .  Eventua l ly  s e v e r a l  m a t e r i a l s  of 
vary ing  d e n s i t i e s  w i l l  be  s t u d i e d .  I t  w i l l  be 
i n t e r e s t i n g  t o  s e e  i f  L i n ' s  theory  (Ref. 5) 
f o r  s t r o n g  c y l i n d r i c a l  shock waves i n  gases  
holds  f o r  l i q u i d s  and s o l i d s .  H i s  theory pre- 
d i c t s  : 

where R is t h e  r a d i u s  of the shock f r o n t  a t  
t i m e  t, E is t h e  energy i n  t h e  shock, po is 
t h e  ambient d e n s i t y ,  and S ( y )  is a f u n c t i o n  
only  of y = C p / q .  
holds ,  a p l o t  of (2R)' versus  t would be a 
s t r a i g h t  l i n e .  

Thus, i f  L in ' s  theory  

BACKGROUND 
Bennet t  (Refs. 6 through 8 )  has done a 

g r e a t  d e a l  of work on t h e  shock waves produced 
i n  a i r  and o t h e r  gases  by a w i r e  explos ion ,  b u t  
no record  has been found of q u a n t i t a t i v e  mea- 
surements of t h e  shocks i n  l i q u i d s  or s o l i d s .  
Baird (Ref. 9) observed shock waves i n  g l a s s  
from t h e  explos ion  of an  embedded w i r e ;  b u t ,  he 
made no measurements. Therefore ,  t h i s  may be 
a u s e f u l  a r e a  of s tudy.  

Shock waves a r e  descr ibed  by t h e  Rankine- 
Hugoniot equat ions  express ing  conserva t ion  of 
mass, momentum, and energy, r e s p e c t i v e l y  

P0U = P (U - u)  , 

+ (1 - ;), 
% 
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where u is t h e  p a r t i c l e  v e l o c i t y ,  U t h e  shock 
wave v e l o c i t y ,  p t h e  d e n s i t y ,  P t h e  p r e s s u r e ,  
and E is t h e  s p e c i f i c  energy. The s u b s c r i p t  o 
r e f e r s  t o  t h e  unshocked m a t e r i a l  immediately 
ahead of t h e  shock f r o n t  and no s u b s c r i p t  re- 
f e r s  t o  t h e  shocked m a t e r i a l  behind t h e  wave. 
Thus a shock can be completely desc r ibed  by its 
v e l o c i t y ,  t h e  p a r t i c l e  v e l o c i t y ,  and t h e  den- 
s i t y  of t h e  unshocked m a t e r i a l .  

The p a r t i c l e  v e l o c i t y  cannot be measured 
d i r e c t l y ;  however, it can  be ob ta ined  by meas- 
u r i n g  t h e  f r e e  su r face  v e l o c i t y  (vfs) as t h e  
shock e x i t s  t h e  m a t e r i a l .  Then: 

r ’  V f s  = u + u 

where u is t h e  p a r t i c l e  v e l o c i t y  due t o  the  
r a r e f a c z i o n  wave propagat ing  back i n t o  t h e  ma- 
t e r i a l  from t h e  s u r f a c e .  I n  g e n e r a l :  

- w  1 ,  U 

1 and, t h e r e f o r e ,  u c vfs  . 

This  approximation has been i n v e s t i g a t e d  by 
Walsh and C h r i s t i a n  (Ref. 10)  and found to be 
an  e x c e l l e n t  one; v i z . ,  a c c u r a t e  t o  w i t h i n  1 
pe rcen t  and more t y p i c a l l y  t o  wi th in  0 . 5  per- 
c e n t .  

An STL image conve r t e r  s t r e a k  camera w i l l  
be  used f o r  t h e  v e l o c i t y  measurements. 
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EXPLODING-WIRE RlESEARCH 
Long exploding wires (12 inches  and longer )  

a r e  being cons idered  as a means of l i n e  i n i -  
t i a t i o n  of explos ives .  The a i m  is to  avoid  t h e  
u s e  of s e n s i t i v e  primary e x p l o s i v e s  as i n i t i a -  
t o r s ,  a c h i e v e  d i r e c t i o n a l  explos ive  p a t t e r n s ,  
and g e n e r a l l y  improve i n i t i a t i o n  and d e t o n a t i o n  
of explos ive  charges  in guided missile warheads. 
The work is proceeding in coopera t ion  w i t h  
t h e o r e t i c a l  a n a l y s i s  of  t h e  d e t o n a t i o n  p r o c e s s  
i n  s o l i d s  and comparative warhead a n a l y s i s .  

Information on small exploding w i r e s  o f  
v a r i o u s  d iameters  and materials is abundant 
but not  u s u a l l y  in a form which would a l low 
a c c u r a t e  e x t r a p o l a t i o n  of  e l e c t r i c a l  energy re- 
quirements  t o  long wires. What is needed is a 
s imple  means of p r e d i c t i n g  energy requirements  
f o r  long exploding  wires from information ac- 
q u i r e d  from exploding s h o r t e r  w i r e s .  

SUMMARY AND CONCLUSIONS 

A c o r r e l a t i o n  has  been e s t a b l i s h e d  ex- 
per imenta l ly  between the e l e c t r i c a l  energy re- 
qui red  t o  j u s t  m e l t  and a l s o  t o  j u s t  b u r s t  No. 
40 copper wires of v a r i o u s  l e n g t h s ,  and t h e  
l e n g t h  o f  t h e  w i r e .  The c o r r e l a t i o n  is shown 
i n  F ig .  1. The tests were performed using t w o  . 
d i f f e r e n t  sets of e l e c t r i c a l  c i r c u i t  c o n s t a n t s .  
The energy to j u s t  m e l t  and a l s o  to j u s t  b u r s t  
t h e  w i r e  was computed. The r e s u l t s  are given 
i n  Table  I .  The c o n d i t i o n s  of “ j u s t  melted” 
and “ j u s t  b u r s t ”  w e r e  i d e n t i f i e d  by t h e  “card- 
p r i n t “  technique descr ibed  below. 

FUTURE PLANS 

a range of w i r e  materials. Tabula t ions  o f  t h e  
parameter  R as a f u n c t i o n  of H for homogeneous 
hea t ing  a long  with c o r r e c t i o n  f a c t o r s  f o r  non- 
homogeneous h e a t i n g  should a l l o w  a r a p i d  com- 
p a r i s o n  of t h e  e f f e c t i v e n e s s  of d i f f e r e n t  mate- 
r ia ls  a s  used w i t h  s p e c i f i c  electrical c i r c u i t s .  

I n  a d d i t i o n  t o  t h i s  work, a p p a r a t u s  h a s  
been c o n s t r u c t e d  f o r  t h e  exploding  of 12-inch 
w i r e s  and f o r  t e s t i n g  t h e i r  p o t e n t i a l  a s  de- 
t o n a t o r s  of secondary e x p l o s i v e s  by d i r e c t  ex- 
per iment .  Also,  sme c o n t i n u a t i o n  of t h e  work 
on t r i g g e r  gap c h a r a c t e r i s t i c s  (Ref. I )  and 
a m p l i f i c a t i o n  of  s p u r i o u s  t r a n s i e n t s  r e s u l t i n g  
from t h e  n e g a t i v e  r e s i s t a n c e  p r o p e r t i e s  of  t h e  
t r i g g e r  arc (Ref. 2) is planned. 

BACKGROUND 
Exploding w i r e  research t o  d a t e  has  in-  

cluded review of t he  l i t e r a t u r e  on t h e  s u b j e c t ,  

I t  is planned t o  extend t h e  above work t o  
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Fig. 1 Circuit Energy versus Wire Length. (76504) 

w i t h  p a r t i c u l a r  regard t o  measurement tech- 
n iques  and e l e c t r i c a l  c i r c u i t r y .  Comprehen- 
s i v e  t h e o r i e s  are u n a v a i l a b l e  as a r e s u l t  o f  
t h e  complexity of t h e  o v e r a l l  exploding w i r e  
s y s t e m .  P r e s e n t  e f f o r t s  a t  APL have c e n t e r e d  
on o b t a i n i n g  s y s t e m a t i c  d a t a  which m i l l  s e r v e  
as a guide  f o r  f u t u r e  r e f i n e d  measurements. 
Fo r  t h i s  purpose,  a s imple  a d i a b a t i c ,  homogene- 
ous exploding w i r e  model has been p o s t u l a t e d  
f o r  which t h e  s ta te  of the w i r e s  may be de- 
s c r i b e d  i n  terms of two parameters  S = S (R, 
€0 where R is t h e  average r e s i s t i v i t y  through- 
o u t  t h e  t r a n s i t i o n  from i n i t i a l  to f i n a l  s t a t e  
and H t h e  energy r e l e a s e d  i n  t h e  w i r e  per  u n i t  
mass. Under these c o n d i t i o n s ,  t h e  r e l a t i o n s h i p  
between t o t a l  c i r c u i t  energy 
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Table I 

No. 40 Copper Wire 

C r i t i c a l  Tables  

0.22 0.36 0.0031 8.89 

2 2  u = 1/2  C(V, - Vf) 1 

where 
U = t o t a l  c i r c u i t  energy, 
C 5 condenser c a p a c i t y ,  
Vi = i n i t i a l  condenser v o l t a g e ,  and 
Vf = f i n a l  condenser v o l t a g e ,  

and w i r e  l eng th ,  L ,  corresponding  t o  a g iven  
s t a t e ,  5 ,  should be e x p r e s s i b l e  i n  t h e  form 

U = O l + B L ,  (1) 

2 r A pH 
where Q = R '  

and B = , 
rCA 

H e r e  r is t h e  e x t e r n a l  electrical  c i r c u i t  re- 
s i s t a n g e ,  A t h e  w i r e  area, p t h e  i n i t i a l  den- 
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s i t y  o f  t h e  wire, and R and H t h e  aforemen- 
t i o n e d  "s ta te  parameters .  '' 

S is a f fo rded  by t h e  "card-pr in t"  technique .  
I f  t h e  w i r e  is exploded i n  c o n t a c t  w i t h  a 
w h i t e  f i l e  c a r d ,  a t  l o w  e n e r g i e s  t h e  r e s u l t a n t  
p a t t e r n s  are  i d e n t i f i a b l e  and c h a r a c t e r i s t i c  of 
a p a r t i c u l a r  energy s t a t e .  Other such  l i n e a r  
i n d i c a t o r s  can probably be found f o r  i d e n t i f y -  
i n g  h ighe r  energy s t a t e s .  I d e n t i f i c a t i O n  o f  
t h e  thermodynamic s t a t e  S w i l l  be h e l p f u l  i n  
comparing metals and i n  s tudy ing  t i m e  dependent 
p rocesses  w i t h i n  t h e  meta l  and t h e  h e a t  t r a n s -  
f e r  mechanisms. 

One s imple  means of i d e n t i f y i n g  t h e  s t a t e  

REFERENCES 

1. S .  D. Raezer, "Spark Gap C h a r a c t e r i s t i c s , "  

2. S .  D. Raezer,  "Con t ro l l ab le  Microsecond 
APL/JHU BFM-001, 5 March 1965. 

Time Delay i n  A i r  Gap Thyra t rons"  (unpub- 
l i s h e d  r e p o r t ) .  
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ADAPTIVE STABlLlfATlON COMPUTER 
The Adaptive Stabilization Computer prograrm is 
one of research directed toward the development 
of a computer to predict ship motion. The pre- 
diction will be optimal in the sense that it 
will tend to minimize the variance of the error 
and will be based upon measurements of the ship 
orientation with respect to a stable platform. 
The computer is intended to adjust its own 
parameters automatically in order to maintain 
the prediction optimal under a wide variety of 
external conditions. 

SUMMARY AND CONCLUSIONS 
A new procedure has been developed for pre- 

dicting an unknown stationary process. The 
essential new feature is the demonstration that 
any finite-order sampled stationary process 
can be described by a finite-order difference 
equation. The parameters of this difference 
equation can be estimated and then used to ob- 
tain an optimum prediction of the process. If 
the process is Gaussian, then a procedure is 
available that yields the optintun prediction 
conditioned on the past data. A technique has 
also been developed to take account of obser- 
vational errors. 

FUTURE PLANS 
Computer simulations of the optimal-pre- 

diction procedure will be run in order to check 
on the dynamic features of the prediction as 
well as the estimation of the parametric de- 
scription of the process. Theoretical inves- 
tigations will also be made of these dynamic 
features in order to lead to an understanding 
of the prediction problem for nonstationary 
processes. 

DISCUSSION 
If one lets the discrete random process c0, 

...,.$, represent the uniformly sampled values 
of a statfonary, continuous, Gaussian, random 
process whose power spectral density is the 
square of the ratio of two polynomials, such 
that the denominator is of order k, and the 
numerator is of order less than k, then the 
sequence [(,] satisfies the difference equa- 
t ion 

5, = g' xn-1 + h'v, 9 

x' n-1 = 1 '!,-le [n-kl (2) 

vi = *s-k+l] 9 (3) 

( 1) 

where the vectors x ~ - ~  and vn are given by 

and where the ids are independent Gaussian ran- 
dom variables having zero mean and unit vari- 
ance. 
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The vectors g and h, 

e' = IY1...Ykl and (4) 

h' = IS1-..qI , ( 5) 

are taken to be random variables. For con- 
venience the (2k)-component vector f is defined 
as 

f' = [g'h'] = [ y  ,... Y, ql...tl , 
and its conditional probability density 
p(flxn) can be sequentially estimated as new 
data are accumulated. 

( 6 )  

One slay define the following: 

, a (k-1) x (k-1) ..O 1 matrix; (8 )  
Q =  

a (k-1) x (k-1) 

a (k-1) x (k-1) 
matrix; (10) 

D I + P'Q-l'Q-lp, 
matrix; (9) 

Q-l , B = pl Q-l' 

J O  

R =  [. .] 
0 ... 0 

D ~ 

CYo = 1 

, a k x k matrix; 
(11) 

, a (2k) x (2k) 
matrix; (12) 

, a k x k matrix; 1 

(13) 
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b; = [Vn-g'xn-l) . . . (5n+2-k - B'Xn+l-k) 1 
a (k-1) -component v e c t o r ;  (15) 

q; = [ O  (D-lBb,) ' 1 ,  a k-component v e c t o r ;  (16) 

y,i = [ x ' q ' ] ,  a (2k)-component vec to r .  (17) n n  

Then t h e  cond i t iona l  p r o b a b i l i t y  d e n s i t y  

P ( f lxn )  is p ( f ( x  

[ ( f - i n ) '  si1 (f-f,) + A,]] .  

= cons t  x exp ( -  g (h*D*h)-' 

(18) 
!! 

A s  a new measurement, en+l, is made, t h e  
parameters  o f  p(f Ix,) are a d j u s t e d  accord ing  
t o  

(19a) 

A 

fn+l = f n  + Sn+l ~ . , (5 ,+~  - Y; f n ) ,  and (19b) 

* -1 I f  f; Sn fn>> 1, t h e  c o n d i t i o n a l  prob- 
a b i l i t y  dens i ty  p ( f lxn )  of Eq. (Il8) may be 
taken  to  be a Gaussian so t h a t  f n  becomes t h e  
optimum extimate o f  f .  

The optimum p r e d i c t i o n  o f  .$,+, based on 
measurements up to  t h e  n-th t i m e  s t e p  is t h e  
c o n d i t i o n a l  expec ta t ion  
g iven  by 

< [ n + m l ~ n >  , and is 

where am-j are t h e  a p p r o p r i a t e  func t ions  o f  t h e  
components of f as g iven  by Eq. (14) .  

For an au to reg res s fve  p rocess ,  when a l l  t h e  
q ' s  are ze ro  excep t  ql, a procedure has  been de- 
veloped t o  allow p r e d i c t i o n  even when t h e  obser- 
v a t i o n  of 5, is contaminated by n o i s e  E,. 

6n = g '  (Xn-l-Ln-l) + + c n  

The b e s t  estimate of t h e  n o i s e  cn t u r n s  o u t  to  
be 

( 2 0 )  

and where the -es t ima te  in is ob ta ined  sequen- 
t i a l l y  as is f n  above. 
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Section IV 

HIGH TEMPERATURE 
RESEARCH 

H e r s o n i c  Gas D namics--Collection of  ex- 
p e r i k a x  h b a s e  a b e t t e r  under- 
s t a n d i n g  of t h e  f l u i d - d y n a e c  processes  i n  
r o c k e t  nozz les  w a s  cont inued.  In t h e s e  s t u d i e s ,  
a small-scale  so l id-propel lan t  rocke t  motor is 
used to  s imula te  c o n d i t i o n s  encountered i n  f u l l -  
s c a l e  f i r i n g s .  Sur face  temperatures  and tem- 
p e r a t u r e  p r o f i l e s  made throughout 25' and 
12-1/2O molybdenum i n s e r t  nozzles  in gas f lows 
generated by a 2500°K nonaluminized p r o p e l l a n t  
show t h a t  t h e  nozz le  flow is d e f i n i t e l y  turbu- 
l e n t  and t h a t  t h e  computed heat t r a n s f e r  coef- 
f i c i e n t s  agree  reasonably well  with t h o s e  pre- 
d i c t e d .  Analysis  of spectrometer  emission and 
absorp t ion  d a t a  a s  a means of a c c u r a t e l y  d e t e r -  
mining t h e  s t a t i c  temperature of p r o p e l l a n t  
gases  should prove s a t i s f a c t o r y  (IV/l) .  
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HIGH TEMPERATURE RESEARCH IVll  
Hypersonic Gas Dynamics RllBFM 

W. P. Didtens, H. J. Unger, and F. K. Hil l 
April - June 1965 

SUP~OI?: ARPA 

I 

ROCKET NOZZLE FLUID DYNAMICS 
High-temperature gas  genera ted  by t h e  burn- 

i n g  of a s o l i d  p r o p e l l a n t  forms a s imple f l u i d  
system a s  it passes  through a nozz le  i n t o  
supersonic  flow, The primary o b j e c t i v e  of t h i s  
s tudy  has been t h e  e x p e r i a e n t a l  i n v e s t i g a t i o n  
of such  a system w i t h  t he  p r i n c i p a l  e f f o r t s  
focused on t h e  s tudy  of l o c a l  h e a t - t r a n s f e r  
r a t e s  i n  t h e  r o c k e t  nozzle  and t h e  chemical re- 
a c t i o n  r a t e s  and s p e c i e  concent ra t ions  of t h e  
r e a c t i n g  gases .  These experimental  d a t a  are 
e s s e n t i a l  t o  developing a b e t t e r  understanding 
of the f l u i d  dynamic processes  involved i n  such 
f l u i d  s y s t e m s :  a knowledge of the mechanics 
and c h e m i s t r y  of  nonequi l ibr ium gas  flows, t h e  
e f f e c t s  of gaseous and nongaseous s t a t e s  of 
p r o p e l l a n t  f lows on rocket  nozz le  sys t ems ,  and 
t h e  c o l l e c t i o n  of data  v i t a l  t o  a c c u r a t e  pre-  
d i c t i o n s  of nozz le  hea t  f l u x  r a t e s .  

SUMMARY AND CONCLUSIONS 
Surface  tempera tures  and temperature  p r p  

f i l e s  have been made throughout 25" and 12* 
molybdenum i n s e r t  nozz les  i n  gas  f lows gener- 
a t e d  by a 2500'K ARP p r o p e l l a n t .  The data show 
t h a t  t h e  nozz le  flow is d e f i n i t e l y  t u r b u l e n t  
and, except  i n  t h e  immediate r e g i o n  of t h e  
t h r o a t  where a reg ion  of flow s e p a r a t i o n  is be-' 
l i e v e d  to  e x i s t ,  t h e  computed heat t r a n s f e r  
c o e f f i c i e n t s  agree  reasonably w e l l  w i t h  t h o s e  
p r e d i c t e d  by t h e  empir ica l  e q u a t i o n  of  Bar tz  
(Ref. 1 )  for t u r b u l e n t  hea t  t r a n s f e r  i n  a noz- 
zle. 

a b s o r p t i o n  da ta  a s  a means of a c c u r a t e l y  de- 
te rmining  t h e  s t a t i c  temperature  of p r o p e l l a n t  
gases  i n d i c a t e s  t h a t  t h i s  method should  prove 
q u i t e  s a t i s f a c t o r y  once the  e m i s s i v i t y  of t h e  
source  can be b e t t e r  determined. 

FUTURE PLANS 

The a n a l y s i s  of spectrometer  emission and 

Fur ther  a n a l y s i s  of the  123' and 25" noz- 
z l e  hea t  t r a n s f e r  da ta  w i l l  be made, and a 
c l o s e r  examinat ion w i l l  be given t o  t h e  nozzle  
t h r o a t  r e g i o n  where flow s e p a r a t i o n  poss ib ly  
e x i s t s .  Future  p l a n s  w i l l  inc lude  an  a t tempt  
t o  measure s u r f a c e  temperatures  i n  t h e  DGV 
nozzle  and a comparison of the heat t r a n s f e r  
da ta  obta ined  w i t h  t h a t  from ARP p r o p e l l a n t s .  
Addi t iona l  a p p l i c a t i o n s  of t h e  scanning spec- 
trometer f o r  use wi th  both  p r o p e l l a n t s  a r e  
be ing  s t u d i e d .  

BACKGROUND 

Two ABL manufactured p r o p e l l a n t s  have been 
u s e d  i n  t h e  rocke t  tunnel  t o  genera te  the gas  
flows under inves t iga t ion- -an  ARP p r o p e l l a n t  
burn ing  a t  2500°K a t  p r e s s u r e s  of 1100 t o  1200 
p s i a  and a DGV (a luminized)  p r o p e l l a n t  provid- 
i n g  a supply p r e s s u r e  of 1300 t o  1400 p s i a  a t  
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Fig. 1 Surface Temperatures in 25" and 12-1/2" Nozzles. 
(76510) 
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Fig. 2 Heat-Transfer Coefficient versus Distance from 
the Throat of a 25" Molybdenum Insert Nozzle. 
(76511) 

a combustion temperature  of 3770°K. 
experiniental  t echniques  and ins t rumenta t ion  
have been developed t o  overcome t h e  s e v e r e  en- 
vironmental  c o n d i t i o n s  of t h e s e  gas  s t reams,  
and nozzle  boundary-layer surveys  (temperature 
and p r e s s u r e ) ,  nozz le-t b o a t  hea t - t rans  f e r  
measurements, and s p e c t r o g r a p h i c  s t u d i e s  of 
t h e  emission and absorp t ion  of t h e  g a s  flow 
throughout t h e  nozzle  have been r e p o r t e d  
(Refs. 2.3,4,  and 5). 

rocke t  nozzle  was begun i n  t h e  test s e c t i o n  
where t h e  u s u a l  boundary l a y e r  probe tech-  
niques could be employed. In t h e  v i c i n i t y  of  
the nozzle  t h r o a t ,  however, these methods w e r e  
u n s a t i s f a c t o r y  as a r e s u l t  of t h e  high t e m -  
peratures and t h i n  boundary l a y e r ,  and t h e  
technique of d i r e c t l y  monitor ing nozzle  s u r -  
face  temperatures  by means of t r a n s i s t o r i z e d  
o p t i c a l  pyrometers was developed ( R e f s .  6 and 
7). More r e c e n t l y  these pyrometers have been 
rep laced  by smal le r  more adaptab le  s i l i c o n  
photodiode pyrometers.  

Extens ive  measurements of s u r f a c e  and in-  
s e r t  temperatures  a t  the  t h r o a t s  of 25" s o l i d  
molybdenum and molybdenum i n s e r t  nozz les  have 
been made and hea t ing  r a t e s  determined (Ref. 
3). S i m i l a r  i n v e s t i g a t i o n s  throughout t h e  en- 
tire t h r o a t  reg ion  w e r e  begun w i t h  both 123O 
a s  w e l l  a s  25' nozzles  and a d a p t a t i o n s  of  t h e  
ins t rumenta t ion  f o r  use w i t h  DGV p r o p e l l a n t s  
is be ing  s t u d i e d  (Ref. 4). 

S p e c i a l  

The i n v e s t i g a t i o n  of h e a t i n g  rates i n  the  
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Nozzle Diameter 
( inches)  

DISCUSSION 

Emission Absorption S t a t i c  Temperature S t a t i c  Temperature 
(pe rcen t )  (pe rcen t )  (from emiss ion  and ( k i n e t i c  c a l c u l a -  

abso rp t ion  meas- t i o n )  
urements) 

Sur face  temperature da t a  ob ta ined  by means 
of min ia tu re  o p t i c a l  pyrometers a r e  shown i n  
F ig .  1 a s  a func t ion  of a r e a  r a t i o .  The da ta  
a r e  from both  123" and 25" molybdenum i n s e r t  
ARP nozz les  having t h r o a t  d iameters  from 0.628 
t o  0.630 inch. I n  a d d i t i o n  t o  s u r f a c e  mea5- 
urements, temperatures throughout t h e  nozz le  
i n s e r t s  have been surveyed by means of bo th  
thermocouples and pyrometers. By e x t e n s i v e l y  
surveying  a t  a g iven  c r o s s  s e c t i o n  (0 .2  t o  
0.025 inch  from t h e  nozz le  s u r f a c e )  accu ra t e  
de te rmina t ions  of temperature g r a d i e n t s  were 
obta ined .  I n  Fig. 2 ,  t he  hea t  t r a n s f e r  coef -  
f i c i e n t  a t  var ious  s t a t i o n s  i n  t h e  25"  nozz le ,  
c a l c u l a t e d  from a one-dimensional hea t  t r a n s -  
f e r  assumption, is shown. While hea t ing  r a t e s  
a s  high a s  20 to 30 Btu / ina /sec  a r e  ob ta ined  
j u s t  a f t e r  i g n i t i o n  (Ref. 3 )  , comparison wi th  
va r ious  empi r i ca l  t u r b u l e n t  hea t  t r a n s f e r  re- 
l a t i o n s h i p s  (Refs. 1 and 8 )  shows r a t h e r  good 
agreement a f t e r  3 seconds.  The drop i n  hea t  
t r a n s f e r  and su r face  tempera ture  observed j u s t  
downstream of the nozzle t h r o a t  is poss ib ly  
a r e s u l t  o f  a reg ion  of flow s e p a r a t i o n  thought 
t o  e x i s t  throughout t h e  t h r o a t  of t h e  25" noz- 
z l e .  F u r t h e r  a n a l y s i s  of t h i s  p o s s i b i l i t y  a s  
w e l l  a s  completion of t h e  123f"nozzle a n a l y s i s  
is under way. 

From the  s p e c t r a  ob ta ined  i n  the  gas  compo- 
s i t i o n  measurements wi th  t h e  scanning  spec- 
t rometer  (Ref. 5), it was p o s s i b l e  t o  make cal-  
c u l a t i o n s  o f  the gas  tempera ture  a t  va r ious  
nozzle s t a t i o n s .  By a comparison o f  t h e  emis- 
s i o n  and absorp t ion  i n t e n s i t i e s  a t  a g iven  
wavelength and t h e  i n t e n s i t y  of a source  of 
known emiss iv i ty ,  gas  tempera tures  may be de- 
termined. The r e s u l t s  f o r  bo th  t h e  124" and 
25" nozz le s  a re  compared i n  Table I wi th  va lues  
ob ta ined  from a k i n e t i c  c a l c u l a t i o n  f o r  t h e  ARP 
p r o p e l l a n t  (Ref. 9 ) .  The s t a t i c  tempera tures ,  
computed from the  abso rp t ion  and emiss ion  d a t a ,  
t end  t o  be s l i g h t l y  h igher  than  those  from the  
k i n e t i c  c a l c u l a t i o n .  This  appa ren t ly  r e s u l t s  
from t h e  f a c t  t h a t  it was necessary  t o  compute 

0.80 
1.06 
1 .35  
1.86 
2.33 

t h e  e m i s s i v i t y  of t h e  Source from measured 
emiss ion  d a t a  o f  t h e  gas  a t  t h e  0.8-inch-diame- 
ter  s t a t i o n ,  assuming t h a t  t h e  k i n e t i c  c a l c u l a -  
t i o n  f o r  t h i s  s t a t i o n  was a c c u r a t e .  This was 
necessary  s i n c e  t h e  Nernst glower sou rce  has a 
broad  emiss ion  band a t  5.2b and a d i r e c t  de- 
t e rmina t ion  of its e m i s s i v i t y  has not  y e t  been 
p o s s i b l e .  While t h e r e  a r e  s e v e r a l  s p e c t r o -  
s c o p l c  methods of? determining  t h e  tempera ture  
of a g a s  i n  the rma l  equ i l ib r ium,  a l l  a r e  d i f f i -  
c u l t ,  i n d i r e c t , a n d ,  i n  gene ra l ,  u n s a t i s f a c t o r y  
a t  h ighe r  tempera tures .  I t  would appear t h a t  
t h i s  method of de te rmining  gas  tempera tures  
shou ld  be reasonably  a c c u r a t e  once a more e x a c t  
de te rmina t ion  of t he  source  e m i s s i v i t y  can  be 
made. 
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Section V 

Microwave Phys ics - - I t  has been found t h a t  
t h e  r e p u l s i v e  shor t - range  exchange f o r c e s  are 
s o l e l y  r e spons ib l e  f o r  t h e  s h i f t  i n  magnetic 
f i e l d  i n  t h e  "diatomic molecule" formed by t w o  
c o l l i d i n g  X e  atoms (V/la). As a r e s u l t  of 
apply ing  t h e  l a t t i ce  sum method to  e v a l u a t i o n  
o f  t h e  magnetic d i p o l a r  energy of a n t i f e r r o -  
magnets, t h e  va lues  o f  t h e  d ipo la r  an i so t ropy  
energy and of t h e  f i v e - s t r u c t u r e  energy have 
been s u b s t a n t i a l l y  r e v i s e d  (V/lh). Spectro- 
metric measurements are being made on t ransi-  
t ion-metal  ion-pa i rs  coupled by exchange in- 
t e r a c t i o n s  in a n  e f f o r t  to  ob ta in  e l e c t r o n  
s p i n  resonance  d a t a  which w i l l  supplement op- 
t ical  d a t a  i n  t h i s  f i e l d  (V/lc). E l e c t r o n  
s p i n  resonance techniques  a re  also being used  
to  s tudy  photoexci ted  organic molecular  s o l i d s  
(V/ld). 

Plasma D namics Research--A the ta -p inch  
gun - n b p e d  to  produce dense ,  h o t  
plasmas. Improvements w e r e  made in t h e  gun 
t h i s  q u a r t e r ,  b u t  its shot-to-shot repro- 
d u c i b i l i t y  is no t  y e t  s a t i s f a c t o r y  (V/2). 

tunn-sxc-nated a i r  f lows  s u i t -  
a b l e  f o r  t e s t i n g  hypersonic  ramjet i n l e t  
models. I t  can also be used as  a r e s e a r c h  
tool f o r  i n v e s t i g a t i o n  of fundamental f low 
problems, boundary-layer i n t e r a c t i o n ,  flow 
near  t h e  l ead ing  edge of blunt bodies ,  and con- 
f i g u r a t i o n  problems a t  h igh  Mach numbers. The 
ma jo r i ty  of tests conducted du r ing  t h e  q u a r t e r  
were p re l imina ry  s t u d i e s  of t h e  flow about d i f -  
f e r e n t  c o n f i g u r a t i o n s  to develop f u t u r e  test- 
i n g  techniques  (V/3). 

H e r s o n i c  Gun Tunnel--The hypersonic  gun 
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INTERPRETATION OF NUCLEAR MAGNETIC 
RESONANCE IN INERT GASES 

Nuclear magnetic resonance s t u d i e s  o f  t he  
i n e r t  gas xenon have y i e lded  some i n t e r e s t i n g  
r e s u l t s  which depend on t h e  i n t e rac t ion  of 
c o l l i d i n g  atoms. For  one th ing ,  t h e  magnetic 
f i e l d  a t  a xenon nucleus ,  which is s l i g h t l y  
d i f f e r e n t  from t h e  a p p l i e d  f i e l d  because o f  t h e  
i n t e r a c t i o n  o f  t h e  e l e c t r o n s  of t h e  atoms wi th  
t h e  a p p l i e d  f i e l d ,  i n c r e a s e s  l i n e a r l y  wi th  t h e  
d e n s i t y  of t h e  g a s  (Refs. 1 and 2). Secondly, 
t h e  nuc lea r  s p i n  r e l a x a t i o n  p rocesses ,  whereby 
a nuc leus  d i s s i p a t e s  its magnetic energy i n t o  
k i n e t i c  energy, i n c r e a s e  i n  e f f i c i e n c y  l i n e a r -  
l y  wi th  t h e  d e n s i t y  of t h e  gas  (Refs. 2 and 3 ) ,  
i n d i c a t i n g  t h a t  t h e  nuc lea r  s p i n  r e l a x a t i o n  
occur s  only  d u r i n g  in t e ra tomic  c o l l i s i o n s .  The 
purpose of t h i s  s tudy  w a s  (a) t o  show t h a t  t h e  
i n t e r a c t i o n  between c o l l i d i n g  atoms could  
account f o r  t h e  observed r e s u l t s  and (b) t o  
de termine  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e  
a t t r a c t i v e  Van d e r  Waals i n t e r a c t i o n s  and t h e  
r e p u l s i v e  exchange interact ions to t h e s e  e f -  
f ects. 

SUMMARY AND CONCLUSIONS 
The s h i f t  i n  magnetic f i e l d  w a s  computed ' 

f o r  a "d ia tomic  molecule" formed by t w o  col- 
l i d i n g  X e  atoms. I t  vias found t h a t  t h e  re- 
p u l s i v e  shor t - range  exchange f o r c e s  were s o l e l y  
r e s p o n s i b l e  f o r  t h i s  e f f e c t .  When an  average 
w a s  t aken  o v e r  a l l  t ypes  o f  co l l i s ions ,  t h e  
fo l lowing  v a l u e  w a s  ob ta ined  f o r  t h e  magnetic 
f i e l d  s h i f t  (Ref. 4):  AH = 2.85(10)-7 Hp, 
where H is t h e  a p p l i e d  f i e l d  and p is t h e  den- 
s i t y  i n  amagats. This  was i n  order-of-magni- 
tude  agreement wi th  t h e  observed r e s u l t  (Refs. 
1 and 2): AH = 4.3(10)-7 Hp. Th i s  r e s u l t  a l s o  
gave a f i n a l  account ing  of t h e  roblem of 
nuc lea r  s p i n  r e l a x a t i o n  i n  X e l Z 4 .  
c ause  Torrey (Ref. 5) had p rev ious ly  shown t h a t  
any mechanism which could  account f o r  t h e  ob- 
s e rved  magnetic f i e l d  s h i f t  i n  terms of  p a i r s  
o f  c o l l i d i n g  X e  atoms would a l s o  produce a 
magnetkc coupl ing  between the nuc lea r  spins 
and t h e  r o t a t i o n a l  angu la r  momentum o f  t h e  co l -  
l i d i n g  p a i r  which would be l a r g e  enough t o  
account  f o r  t h e  observed nuc lea r  s p i n  r e l axa -  
t i o n  o f  t h i s  i so tope .  

electric quadrupole moment, a much m o r e  e f f ec -  
t i v e  r e l a x a t i o n  mechanism is t h e  i n t e r a c t i o n  
o f  t h e  e lec t r ic  quadrupole moment wi th  t h e  
co l l i s ion-deformed e l e c t r o n i c  charge  c loud  of 
t h e  atom. Again a p a i r  of c o l l i d i n g  X e  atoms 
w e r e  t r e a t e d  a s  a r o t a t i n g  "diatomic molecule" 
whose nuc lea r  electric quadrupole i n t e r a c t i o n  
pe rmi t t ed  t h e  n u c l e i  t o  r e l a x  by exchanging 
energy wi th  t h e  r o t a t i o n a l  angular  momenta of 
t h e  c o l l i d i n g  atoms. The c a l c u l a t i o n  showed 
t h a t  t h e  c o n t r i b u t i o n s  of t h e  exchange and 

Th i s  is be- 

For  t h e  i s o t o p e  X e 1 3 1 ,  whose nuc leus  has  an  

Van d e r  Waals i n t e r a c t i o n s  to  t h e  nuc lea r  quad- 
rupo le  coupl ing  cons t an t  were of oppos i t e  s i g n ,  
and t h a t  t h e  exchange c o n t r i b u t i o n  w a s  s i x  
t i m e s  l a r g e r  than t h e  Van de r  Waals cont r ibu-  
t i o n  a t  a t y p i c a l  c o l l i s i o n  d i s t a n c e  of 4A. 
An average o f  t h e  s i n g l e  c o l l i s i o n  t r a n s i t i o n  
p r o b a b i l i t i e s  ove r  a l l  t ypes  o f  c o l l i s i o n s  
gave t h e  fo l lowing  r e s u l t  f o r  t h e  r e l a x a t i o n  
t i m e  (Ref. 6): T1 = 2 2 / p  sec. T h i s  is i n  good 
agreement w i t h  t h e  exper imenta l  va lue  (Ref. 3): 
T1 = 2 6 / p  sec. 

FUTURE PLANS 

I t  is hoped t h a t  t h e s e  r e s u l t s  w i l l  a i d  i n  
t h e  i n t e r p r e t a t i o n  of c u r r e n t  experiments on 
t h e  l i q u i d  and s o l i d  phases o f  xenon i n  t e r m s  
o f  t h e  d e t a i l e d  s t r u c t u r e  of t h e s e  phases.  How 
much o f  t h i s  work w i l l  be  done a t  t h e  Applied 
Phys ic s  Labora tory ,  however, w i l l  depend on t h e  
e x t e n t  of t h e  t h e o r e t i c a l  work done by t h e  
groups a t  Washington and Rutgers U n i v e r s i t i e s  
who are conduct ing  t h e  experiments.  

BACKGROUND 

Nuclear magnetic resonance is based on t h e  
f a c t  t h a t  a l l  n u c l e i  o f  nonzero s p i n  have a 
magnetic moment. I n  an e x t e r n a l  magnetic 
f i e l d ,  such  n u c l e i  have two o r  more quant ized  
o r i e n t a t i o n s  wi th  cor respondingly  d i f f e r e n t  
magnetic e n e r g i e s .  The t r a n s i t i o n  energy be- 
tween two nuc lea r  magnetic energy l e v e l s  f o r  
magnetic f i e l d s  i n  t h e  k i l o e r s t e d  range  l i e  i n  
t h e  radio-frequency r eg ion  of t he  spectrum. 
Such nuc lea r  s p i n  t r a n s i t i o n s  may be s t i m u -  
l a t e d  and d e t e c t e d  by p l ac ing  t h e  sample i n  t h e  
tank  coi l  o f  an o s c i l l a t o r  o p e r a t i n g  a t  t h e  
r e sonan t  f requency .  

One i n t e r e s t i n g  f e a t u r e  o f  t h e s e  expe r i -  
ments is t h a t ,  because o f  t h e  i n t e r a c t i o n  of 
t h e  e x t e r n a l  f i e l d  wi th  t h e  e l e c t r o n s  of t h e  
s y s t e m ,  t h e  magnetic f i e l d  a t  t he  nuc leus  is 
i n v a r i a b l y  s l i g h t l y  d i f f e r e n t  from t h e  a p p l i e d  
f i e l d .  For  an i s o l a t e d  s p h e r i c a l  atom, t h e  
effect of t h e  a p p l i e d  field is to  indure  a 
Larmor p recess ion  of t h e  e l e c t r o n s  which pro- 
duces  a s m a l l  f i e l d  a t  t h e  nuc leus  of o p p o s i t e  
s i g n  t o  t h e  app l i ed  f i e l d  (diamagnetic s h i f t ) .  
T h i s  e f f e c t  is o f  l i t t l e  importance,  however, 
because i t  is v i r t u a l l y  independent of t h e  
state o f  aggrega t ion  of t h e  a t o m .  When an atom 
forms a molecule,  c o l l i d e s  wi th  ano the r  atom, 
or o the rwise  has  its s p h e r i c a l  symmetry d i s -  
tu rbed ,  t h e  magnetic f i e l d  may a l s o  admix 
v i r t u a l  e x c i t e d  s t a t e s  i n t o  t h e  ground-s ta te  
wave f u n c t i o n  o f  t h e  s y s t e m .  These e x c i t a -  
t i o n s  l e a d  to  e l e c t r o n i c  c u r r e n t s  which produce 
a small  a d d i t i o n a l  magnetic f i e l d  a t  t h e  nu- 
c l e u s  which u s u a l l y  has  t h e  same s i g n  as  the  
app l i ed  f i e l d  (paramagnetic s h i f t ) .  The para- 
magnetic s h i f t s  are of g r e a t  i n t e r e s t  because 
they depend c r i t i c a l l y  on the  outermost or 
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valence electrons of the atoms, and, thus, are 
a tool for investigating the charge distribu- 
tion in those electronic orbitals which deter- 
mine chemical binding, interatomic forces, etc. 
Although a pair of colliding Xe atoms do not 
form a chemical bond, the overlap of their 
orbitals during a collision provides a path 
for the flow of a magnetic-field induced cur- 
rent between the atoms. This current produces 
the relatively large pressure-dependent para- 
magnetic shift observed in this gas. 

Nuclear-spin relaxation is an integral 
part of nuclear magnetic resonance, because, 
as a nucleus absorbs energy from a radio-fre- 
quency oscillator it must dissipate this energy 
into other energy modes (translation, rotation, 
vibration, etc.) of the system. If it cannot 
do this, the resonant nuclear magnetic energy 
levels quickly become equally populated and 
absorption of radio-frequency energy stops be- 
fore a detectable amount of energy can be ab- 
sorbed. Since the energy of the nuclear transi- 
tions is very small compared to energies of 
translation, rotation, etc., these motions act 
as a constant temperature bath into which the 
nuclear spin system may dissipate any excess 
energy and remain in thermal equilibrium. 
However, the coupling between the nuclear Spin 
system and the other energy modes is often 
quite weak so that the time required for a 
saturated nuclear spin system to regain ther- 
mal equilibrium (relaxation time) is often 

UNCLASSIFIED 

quite long. This difficulty is especially 
acute in xenon gas because conservation of 
angular momentum requires that a change in 
nuclear spin orientation be balanced out by a 
change in the angular momentum of some other 
motion of the system. Since an isolated 
spherical Xe atom has no other angular momenta, 
the nuclear spin transitions which lead to 
relaxation can occur only during collisions. 
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MAGNETIC DIPOLAR FIELDS 
IN ANTIFERROMAGNETS 

I n  a p rev ious  s tudy  on t h e  s p e c t r a l  prop- 
erties o f  ruby ,  t h e  electric p o t e n t i a l  a t  a 
la t t ice  p o i n t  w a s  eva lua ted  by summing up t h e  
p o t e n t i a l s  caused by a l l  o t h e r  la t t ice  ions.  
Th i s  l a t t i ce  sum method has  been extended and 
app l i ed  to  t h e  e v a l u a t i o n  o f  t h e  magnetic d i -  
p o l a r  f i e l d s  i n  s o m e  an t i f e r romagne t i c  sub- 
s t a n c e s .  Such an approach y i e l d s  d i r e c t l y  t h e  
knowledge of t h e  magnetic d i p o l a r  energy which 
is an impor tan t  p a r t  of t h e  t o t a l  magnetic 
an i so t ropy  energy o f  an an t i fe r romagnet .  I f  
t h e  t o t a l  rnagnetic energy is a l r eady  knowc from 
some o t h e r  s o u r c e ,  then  t h e  d i f f e r e n c e  between 
t h e  t o t a l  and t h e  d i p o l a r  f i e l d  ene rg ie s  can  
be i n t e r p r e t e d  as t h e  f i n e - s t r u c t u r e  energy, 
which is a p h y s i c a l l y  s i g n i f i c a n t  q u a n t i t y  but 
is a t  p r e s e n t  n e i t h e r  d i r e c t l y  measurable by 
experiment nor  r e a d i l y  amenable to  t h e o r e t i -  
c a l  c a l c u l a t i o n s .  

BACKGROUND 
Consider a t r ans i t i on -me ta l  i on  ox ide  such  

as CrZOQ or cu-Fe203. 
c r y s t a l  s t r u c t u r e  as corundum (crA1203). 
ox ide  c r y s t a l  is composed o f  t w o  coupled a n t i -  
p a r a l l e l  magnet ic  systems o r  s u b l a t t i c e s ,  hav- 
i n g  t h e  unpa i r ed  e l e c t r o n  s p i n s  d i r e c t e d  a long  
t h e  hexagonal or c -ax is .  The n e t  magnet iza t ion  
f o r  t h e  whole c r y s t a l  is very nea r ly  zero below 
a c e r t a i n  c r i t i c a l  t empera ture  - t he  e s s e n t i a l  
f e a t u r e  o f  an an t i fe r romagnet .  But because of 
t h e  d i f f e r e n c e  i n  t h e  p a t t e r n s  of s p i n  o r i e n t a -  
t i o n s  i n  t h e  c r y s t a l ,  t h e  magnetic s t r u c t u r e  o f  
C r 2 0 3  is d i s t i n c t l y  d i f f e r e n t  from t h a t  o f  Q- 

Fe203. 
For  a g iven  set  of c r y s t a l l i n e  l a t t i ce  and 

metal i on  parameters  and a s p e c i f i c  magnetic 
s t r u c t u r e  known f o r  a c e r t a i n  an t i fe r romagnet ,  
t h e  magnetic d i p o l e  f i e l d  (% o r  D ) and t h e  Z 
dipolar an i so t ropy  energy !Km) c a n  be com- 
puted by t h e  fo l lowing  expres s ions :  

I t  is isomorphous i n  
Each. 

3 2  
% =  2 h3DZ 

where % is t h e  magnetic d i p o l e  f i e l d  a long  t h e  
z -ax is  ( p a r a l l e l  to  t h e  c -ax i s ) ,  n is t h e  num- 
be r  o f  pB (Bohr magneton) per  d i p o l e ,  DZ is t h e  
d i p o l a r  f i e l d  per  n ,  Pi s p e c i f i e s  t h e  o r i e n t a -  
t i o n  o f  t h e  ith d i p o l e  (+ or  -), and Ri and Bi 
d e f i n e  t h e  ith d i p o l e  l o c a t i o n  wi th  r e s p e c t  to  

3 
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Fig.  1 Anisotropy Energy (in Units of  lo5 erg/cm? versus 
Reduced Temperature T/TN for Cr,& . (76543) 
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Fig. 3 Plot o f  the Temperature Variation of the Effective 
Magnetic Fields Due to  Magnetic Dipolar Energy 
(HMD) and Fine Structure Energy (HFs). Units 
of  10' Gauss Are Used. HA = HMD + HFS 

HA = 0 at T/TN = 0.281. (76545) 

the reference site. In computing for the lat- 
tice sum of DZ, the machine computation pro- 
grams (Ref. 1) developed previously for the lat- 
tice sum of the electric potential were used 
to considerable advantage, thus insuring appro- 
priate averaging and satisfactory convergence. 

The results for the computation of % can 
be profitably used for the interpretation of 
the total magnetic anisotropic energy, &in 
terms of its components by the relation K = KMD + KFS, where KFS denotes the fine-structure 
energy which is a result of spin-orbital cou- 
pling and crystalline environment. The quan- 
tity K can be measured in an antiferromagnetic 
resonance experiment which is usually done at 
very high magnetic fields and millimeter or 
submillimeter frequencies. Under these condi- 
tions, KFs can be expressed as K - KMD, which 
is the difference between the experimentally 
obtained anisotropy and the theoretically cal- 

culated magnetic dipolar energy. Figure l 
shows the results of KFS for Cr203, as a func- 
tion of temperature, when deduced from the in- 
formation on K and K MD' 

SUMMARY AND CONCLUSIONS 
Two rather significant results (Refs. 2 and 

3) were obtained from the calculation of KMD 
and the corresponding interpretation of KFS = 
K - Km for the following two cases: 

1. Crp03. The magnetic structure, in the geo- 
metric sense, of this antiferromagnet is 
almost cubic. As a consequence, the re- 
sults for the computation of DZ show a very 
high sensitivity with respect to W, which 
is a special position parameter for the 
metal ion, as shown in Fig. 2. Thus, % = 

0.0088 cm-'/ion for the presently accepted 
value of W = 0.0975, whereas sD = 0.059 
(which is six times higher than the present 
value) for a previously assumed value of 
W = 0.105. This drastic revision in the 
calculated value of KMD means a corre- 
spondingly large revision of the deduced 
value for KFS. 
sults of Rubenstein and Krebs (Ref. 4) on 
their Cr53 nuclear magnetic resonance work 
appear to support the present conclusions. 

2. cv-Fe203. In this case the calculated value 
for Km and the deduced value for KFS are, at 
low temperatures, almost equal in magnitude 
but opposite in sign. Moreover, the varia- 
tions of KMD and KFs with temperature T (or 
T/TN, where TN is the Nee1 temperature) are 
expected to be different because of their dif- 
ferent functional dependences. The computed 
results actually show there is a definite tem- 
perature across which the quantity K would 
change sign, corresponding physically to 
the flip over of the spins. This situation 
is shown in Fig. 3 which gives the value 
(T/TN)flip = 0.281 in rather good agreement 
with that of 0.274 as concluded by other 
types of investigations. 

Recent experimental re- 

FUTURE PLANS 

This work is considered to be completed. 
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I 

ELECTRON SPIN RESONANCE IN 

BY EXCHANGE INTERACTIONS 
TRANSITION-METAL ION-PAIRS COUPLED 

Considerable work has been done in recent 
years on the study of the microwave and optical 
properties of isolated transition-metal ions 
in a nonmagnetic host crystal, especially in 
the case of Cr3+ ions in a-A1203 (ruby). 
contrast, there has been relatively little work 
done in the case where the paramagnetic ions 
couple together in the form of ion-pairs 
through the exchange interactions between them. 
The importance of the latter study has been 
widely recognized (Ref. 1) and there is an in- 
creasing amount of work (Refs. 2 and 3 ) .  most- 
ly optical, which has appeared in the field. 
In the present study, an attempt has been made 
to observe experimentally the pair phenomena 
by the technique of electron spin resonance. 
It is hoped that by using this technique some 
new information about the ion-pairs can be ob- 
tained which ordinarily would not be readily 
accessible to optical investigations. 

SUMMARY AND CONCLUSIONS 

In 

Consider first an isolated transition-metal 
ion (like Cr3+) in a crystal (like a-A1203). 
The influence of the crystal field at the site 
of the ion can be described under such condi- 
tions by a fine-structure energy written as 
J ( ~ ~  = DSZ,  where D is a constant depending up- 
on the spin-orbital characteristics of the ion 
and the nature of the crystalline environment, 
and Sz is the 2-component (along the c-axis) of 
the electron spin angular momentum. Next,sup- 
pose the concentration of the transition-metal 
ions is increased from the range of 0.01 per- 
cent by 10- to 100-fold. As may be seen in 
Fig. 1, there is a fair probability that some 
of t h e  adjacent sites ?if?. DE occupied by these 
ions. We can thus have Dairs of ions labeled 

2 

Fig. 1 Q - AI& Crystalline Lattice Structure, with 
A, and C,as Lattice Parameters. Sites 
Occupied by Metal Ions Are Denoted by a, b, 
c, d. They Are Ordinarily Occupied by 
AI3+lons but Can Be Occupied by Cr3+lons 
by Substitution. Arrows Indicated on These 
Ions Denote Spin Orientations (all along the 
Hexagonal Axis which Is the c-axis) for a 

by their site positions as ab, ac, bc, ad, etc. - 
The two ions in each pair are bound together by Substitution. 176546) 

Cr,Os Crystal Corresponding to  100 Percent 
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an  "exchange" i n t e r a c t i o n  energy which may be 
w r i t t e n  as -J where J is t h e  exchange 
energy c o e f f i c i e n t  (known a s  t h e  "exchange i n t e -  
g ra l " )  and S1 and S2 r e p r e s e n t  t h e  angular  
momenta of t h e  ind iv idua l  i o n s .  The n e t  e f f e c t  
o f  t h i s  exchange coupl ing  is t h a t  t h e  ion-pa i r  
appears  t o  behave a s  a u n i t  w i th  t h e  t o t a l  an- 
g u l a r  momentum S = S1 + Sa.  

f i n e - s t r u c t u r e  energyH 

- - 

- # -  - 
There is also a 

2 2 
= D(Slz + Szz) = FS 

D(S2 - 2s S ) and a magnetic energy H H  = Z 1z 22 - -  
g&S.H (g = g-fac tor ,  pB = Bohr magneton) when 
an e x t e r n a l  magnetic f i e l d  (H) is app l i ed  t o  
t h e  c rys t a l .  Thus, w e  have t h e  expres s ion  for 
t h e  t o t a l  Hamiltonian of t h e  ion-pa i r  as f o l -  
l o w s :  

- 

- -  - 
wi th  S = S1 + S a .  

The s o l u t i o n  o f  t h e  aforementioned H a m i l -  
t on ian  would give va lues  t o  t h e  va r ious  energy 
l e v e l s  f o r  t h e  ion-pair .  I f  w e  assume I J I >> 
I D I ,  as i t  is t rue  f o r  many c a s e s  of i n t e r e s t ,  
then  t h e  energy scheme is l a r g e l y  determined 
by t h e  2s + 1 l e v e l s  w i th  i n t e r v a l s  de f ined  i n  
terms of ( J I .  There is a l s o  a f i n e  s t r u c t u r e  
t o  each S- leve l  which is determined by t h e  
s p l i t t i n g  caused by s p i n - o r b i t a l  and c r y s t a l -  
l i n e  f i e l d  e f f e c t s .  I n  a d d i t i o n ,  t h e  presence  
of an e x t e r n a l  magnetic f i e l d  w i l l  cause  a com- 
p l e t e  removal of a l l  remaining degenerac ies  i n  
energy and make a l l  l e v e l s  vary t h e i r  energy 
va lues  i n  c e r t a i n  w a y s .  

above a r e  present  i n  each e l e c t r o n i c  l e v e l  f o r  
t h e  ion-pa i r .  The t r a n s i t i o n s  between d i f f e r -  
e n t  e l e c t r o n i c  l e v e l s  are g e n e r a l l y  i n  t h e  
o p t i c a l  range with s p e c t r a l  l i n e  s t r u c t u r e s  
determined by the d i f f e r e n c e s  i n  t h e  f ine -  
s t r u c t u r e  energy l e v e l s .  I f ,  however, w e  con- 
s i d e r  on ly  t h e  ground e l e c t r o n i c  energy s t a t e ,  
then  t h e  t r a n s i t i o n s  i n  each S l e v e l  may gen- 
e r a l l y  be i n  the microwave range ( t h e  t r a n s i -  
t i o n s  between d i f f e r e n t  S - l eve l s  are u s u a l l y  
forb idden  and t h e i r  f r equenc ie s ,  i f  p r e s e n t ,  
a r e  o f t e n  i n  the  i n f r a r e d  r ange ) .  

f e c t  of an e x t e r n a l  e lectr ic  f i e l d  ( i n  a d d i t i o n  
to the  magnetic f i e l d )  on  t h e  microwave t r a n s i -  
t i o n s  be tween  s t a t e s  o f  exchange i n t e r a c t i o n  
coupled Cr3+  p a i r s  i n  A 1 2 0 3 .  Th i s  s y s t e m  is 
q u i t e  appropr i a t e  f o r  such  s t u d i e s  s i n c e  i t  is 
one of t h e  few cases  i n  which exchange coupled 
p a i r s  have been s t u d i e d  by microwave spec t ros -  
copy and a c r y s t a l l i n e  pseudo-Stark s p l i t t i n g  

The "spin" ene rg ie s  of t h e  kind desc r ibed  

I t  is a l s o  i n t e r e s t i n g  t o  cons ide r  t h e  e f -  

f o r  i s o l a t e d  Cr3+  i o n s  has  been d e t e c t e d .  I t  
I s  expected i n  analogy wi th  t h e  case of i s o l a t -  
ed Cr3+  i o n s  i n  A 1 2 0 3  t h a t  t h e  a p p l i c a t i o n  of 
an  e lec t r ic  f i e l d  t o  t h e  c r y s t a l  w i l l  change 
s l i g h t l y  t h e  va lue  of D and hence p e r t u r b  t h e  
s p e c t r a l  l o c a t i o n  of t h e  observed microwave 
t r a n s i t i o n .  

SUMMARY OF TEST RESULTS 

G c  on concen t r a t ed  samples (- 0.875% Cr) o f  
ruby i n  which a weak, complicated spectrum at-  
t r i b u t a b l e  t o  exchange-coupled p a i r s  o f  C r 3 +  
ions  was observed. Upon a p p l i c a t i o n  o f  an ex- 
t e r n a l  electric f i e l d ,  changes i n  i n t e n s i t y  and 
r e l a t i v e  p o s i t i o n  o f  some l i n e s  o f  t h i s  spec- 
trum were observed. Q u a n t i t a t i v e  measurements 
were not f e a s i b l e  because of t h e  poor r e so lu -  
t i o n  of t h e s e  l i n e s  a t  t h i s  frequency and t h i s  
concen t r a t ion .  S ince  t h e  r e s o l u t i o n  is ex- 
pec ted  to  improve as  t h e  frequency of t h e  micro- 
wave spec t rometer  is inc reased  and t h e  concen- 
t r a t i o n  of C r 3 +  is reduced, a new spec t rometer  
w a s  cons t ruc t ed  from a v a i l a b l e  components a t  16  
G c  us ing  0 .2  pe rcen t  Cr3+  samples. The p a i r  
spectrum was aga in  observed t h i s  t i m e  w i th  in -  
c reased  r e s o l u t i o n  as expec ted .  The gene ra l  
exper imenta l  s i t u a t i o n  r e l a t i v e  t o  spec t rometer  
s t a b i l i t y ,  however, worsens when t h e  e l e c t r o d e s  
needed f o r  e x t e r n a l  e lec t r ic  f i e l d  s t u d i e s  are 
app l i ed  t o  the  sample. To d a t e  no unambiguous 
dependence on e x t e r n a l  e lec t r ic  f i e l d  has  been 
observed a t  16  G c .  The r easons  f o r  t h i s  are 
under i n v e s t i g a t i o n .  

FUTURE PLANS 

ter means of r e s o l u t i o n  and ion-pa i r  s p e c t r a l  
i d e n t i f i c a t i o n ,  o t h e r  materials f o r  t h e  p a i r  
experiment a r e  be ing  i n v e s t i g a t e d  t o  determine 
i f  some o f  them w i l l  e x h i b i t  a sma l l e r  number 
of l i n e s  caused by nonequivalent p a i r s .  Th i s  
would s i m p l i f y  both t h e  r e s o l u t i o n  and t h e  l i n e  
i d e n t i f i c a t i o n  problem. 

A set o f  experiments was conducted a t  9 . 4  

I n  a d d i t i o n  t o  i n v e s t i g a t i n g  f o r  still  be t -  
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I 

ELECTRON SPIN RESONANCE IN 
PHOTOEXCITED ORGANIC 
MOLECULAR SOLIDS 

The e x c i t e d  states of m o s t  atomic and 
molecular  sys tems have l i f e t i m e s  t h a t  are too 
s h o r t  to  allow t h e s e  states t o  be s t u d i e d  by 
e l ec t ron - sp in  resonance techniques .  There are 
c e r t a i n  complex o rgan ic  molecules,  such  a s  
naphtha lene ,  however, f o r  which t h i s  is not t h e  
case. These molecules have been found t o  have 
r a t h e r  long  l i f e t i m e s  - o f  t h e  o r d e r  of a sec- 
ond i n  t h e i r  t r i p l e t  s ta tes .  I t  is p o s s i b l e ,  
through o p t i c a l  pumping, t o  popu la t e  t h i s  
energy l e v e l  s u f f i c i e n t l y  t o  allow obse rva t ion  
of t r a n s i t i o n s  between its Zeeman components. 
I n v e s t i g a t i o n  of t h e  e x c i t e d  states of t h e s e  
molecules by e l ec t ron - sp in  resonance techniques  
(Ref. 1) p rov ides  cons ide rab le  informat ion  t h a t  
cannot be ob ta ined  through o p t i c a l  means; it 
also p rov ides  ano the r  po in t  of view f o r  under- 
s t a n d i n g  t h e  e x c i t e d  s t a t e  o f  matter.  

DESCRIPTION OF WORK 

Condi t ions  for Observation--When t h e  ex- 
c i t e d  t r i p l e t  s tate h a s  a zero-magnetic-field 
s p l i t t i n g ,  as it does  i n  naphthalene,  l a r g e  
a n i s o t r o p i e s  r e s u l t  i n  i ts resonances  a t  
h ighe r  magnetic f i e l d s .  These a n i s o t r o p i e s  
broaden t h e  s p e c t r a l  l i n e s  s u f f i c i e n t l y  so 
t h a t  i t  is imposs ib le  t o  observe  a spectrum 
i f  t h e  sample is composed of randomly ar ranged  
molecules.  The molecules must be a r ranged  i n  
o rde red  o r i e n t a t i o n s .  The needed molecular 
o rde r  can be  ob ta ined  by p u t t i n g  t h e  molecule 
i n t o  a h o s t  c r y s t a l  having a c r y s t a l  s t r u c t u r e  
compat ib le  w i t h  t h e  i n c l u s i o n  of t h e  gues t  
molecule. S ince  t h e  l i f e t i m e  o f  t h e  t r i p l e t  
s t a t e  is tempera ture  dependent,  i t  is neces- 
s a r y  t o  perform experiments a t  reduced tempera- 
t u r e .  F igu re  1 shows an exper imenta l  a r range-  
ment des igned  t o  work a t  l i q u i d  n i t r o g e n  t e m -  
p e r a t u r e .  The sample is placed  i n  a microwave 
c a v i t y  which is a t t a c h e d  t o  t h e  l o w e r  end o f  a 
l i q u i d  n i t r o g e n  r e s e r v o i r .  The i n c i d e n t  and 
r e f l e c t e d  microwave r a d i a t i o n  a r e  sepa ra t ed  by 
t h e  microwave c i r c u l a t o r  mounted above the d e w -  
a r ,  and a r e  brought i n t o ,  and ou t  o f ,  t h e  
c a v i t y  through t h e  v e r t i c a l  waveguide p a s s i n g  
upward from t h e  c a v i t y  through t h e  l i q u i d  
n i t r o g e n  chamber. Th i s  arrangement f r e e s  t h e  
r eg ion  below t h e  c a v i t y  f o r  t h e  placement of 
o p t i c a l  appara tus .  An AH-6 high-pressure  
mercury arc lamp is used to  i l l u m i n a t e  t h e  
sample. The u l t r a v i o l e t  r a d i a t i o n  is focused  
on t h e  sample, and t h e  whole assembly is placed 
i n  a Dc magnetic f i e l d  as shown i n  Fig.  1. 

Energy Levels  and Magnetic Resonance 
Transitions--A t y p i c a l  energy l e v e l  diagram 
for t h e s e  molecules is shown i n  F ig .  2 (Ref. 
2 ) .  Th i s  p a r t i c u l a r  diagram is f o r  naphtha- 
l ene .  Rad ia t ion  f r o m  t h e  u l t r a v i o l e t  l i g h t  
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An Experimental Arrangement in which the Sample 
Is Contained in a Microwave Cavity, Cooled at  
Liquid Nitrogen Temperature, Placed in a Magnetic 
Field, and Irradiated by an Ultraviolet Light 
Source. (76547) 

source raises t h e  molecule from t h e  ground 
s t a t e  to  t h e  1B2u and 1B3u e x c i t e d  s i n g l e t  
s t a t e s .  Then, through i n t e r a c t i o n s  wi th in  t h e  
c r y s t a l ,  nonrad ia t ive  t r a n s i t i o n s  cause  t h e  
molecule t o  drop t o  its l o w e s t  e x c i t e d  s t a t e ,  
the t r i p l e t  s t a t e  B2u. The dashed l i n e  i n  
Fig. 2 i n d i c a t e s  the "forbidden" t r a n s i t i o n  
t h a t  produces t h e  phosphorescent emiss ion  
c h a r a c t e r i s t i c  of t h i s  molecule.  The meta- 
s t a b l e  n a t u r e  of t h e  t r i p l e t  s t a t e  a l lows  t h e  
e l e c t r o n s  t o  remain long  enough t o  a l low 
t r a n s i t i o n s  between t h e  Zeeman components of 
the t r i p l e t  energy l e v e l .  These Zeeman energy 
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Fig. 2 Energy Levels of the Low-Lying Singlet and Triplet 
States of Naphthaleneshowing Schematically the 
Zeeman Splitting of  the Triplet State for One 
Particular Molecular Orientation with Respect to 
the Magnetic Field. (76548) 

l e v e l s  a r e  shown schemat i ca l ly  i n  Fig.  2 for 
one p a r t i c u l a r  molecular o r i e n t a t i o n .  
t u a l i t y ,  t hese  energy l e v e l s  a r e  complicated 
f u n c t i o n s  o f  sample o r i e n t a t i o n  r e l a t i v e  t o  
t h e  magnetic f i e l d  because of t h e  presence  of 
t h e  an i so t ropy  e n e r g i e s  u s u a l l y  desc r ibed  by 
t h e  c o e f f i c i e n t s  D and E. This  an i so t ropy  
causes  a mixing of t h e  s p i n  s t a t e s  a l lowing  
Am = 2 t r a n s i t i o n s  a s  w e l l  a s  t h e  usua l  Am = 1 
t r a n s i t i o n s .  I n  gene ra l ,  f o r  every  r e l a t i v e  
o r i e n t a t i o n  of t h e  molecule i n  t h e  magnetic 
f i e l d ,  t h r e e  l i n e s  can  be observed, each  a t  a 
d i f f e r e n t  magnetic f i e l d  i n t e n s i t y  ( a s  shown 
i n  Fig.  2 ) .  A t  one p a r t i c u l a r  sample o r i en -  
t a t i o n ,  however, two o f  t h e s e  l i n e s  co inc ide .  
Under t h e s e  cond i t ions ,  a double quantum 
t r a n s i t i o n  is poss ib l e ,  w i th  t h e  e l e c t r o n  be ing  
e l e v a t e d  d i r e c t l y  from t h e  lowest t o  the  high- 
e s t  Zeeman l e v e l ,  and wi th  t h e  s imul taneous  
abso rp t ion  of t w o  microwave quanta .  

magnetic spectrum, t h e  magnitudes o f  D and E 
(and t h e i r  r e l a t i v e  s i g n s )  can  be determined, 
and t h e  components of t h e  g t e n s o r  can be 
eva lua ted .  I n  a d d i t i o n ,  t h e  o r i e n t a t i o n  of 
t h e  o r g a n i c  molecule i n  i ts  h o s t  c r y s t a l  can 
be a sce r t a ined ,  and, by u s i n g  d i f f e r e n t  h o s t  
c r y s t a l s ,  t h e  e f f e c t s  of t h e  c r y s t a l l i n e  f i e l d  
can  be  determined. The va lue  of D and E re- 
v e a l  t h e  na ture ,  as w e l l  as t h e  magnitude, o f  

I n  ac- 

From t h e  a n i s o t r o p i c  f e a t u r e s  o f  t h e  para- 

t h e  e x c i t e d  s t a t e  i n t e r n a l  molecular  f o r c e s .  
The paramagnetic hype r f ine  spectrum, which 
a lso can be observed i n  t h e s e  molecules when 
r e s o l u t i o n  permits, is c o r r e l a t e d  wi th  t h e  
"sp in  d e n s i t i e s "  of t h e  unpai red  e l e c t r o n s  i n  
t h e  e x c i t e d  s t a t e .  

SUMMARY AND CONCLUSIONS 
A c r y o s t a t  (dewar) has  been des igned  and 

cons t ruc t ed  so t h a t  it has  a l l  o f  t h e  f e a t u r e s  
i l l u s t r a t e d  schemat i ca l ly  i n  F ig .  1 and a l s o  
f u l f i l l s  t h e  fo l lowing  t e c h n i c a l  cond i t ions :  
1. The sample should  be adequate ly  cooled a t  

2. The sample and t h e  sur rounding  microwave 

t h e  l i q u i d  n i t rogen  tempera ture  when i r r a -  
d i a t e d  by t h e  i n c i d e n t  l i g h t .  

c a v i t y  should  be f r e e  from mechanical v ib ra -  
t i o n .  

3. The microwave magnetic f i e l d  should  be 
pe rpend icu la r  t o  t h e  s t e a d y  magnetic f i e l d  
as t h e  l a t t e r  changes its o r i e n t a t i o n .  

4 .  The c o n d i t i o n s  o f  l i g h t  e x c i t a t i o n  should  
not  be changed by t h e  r o t a t i o n  of t h e  
s t eady  magnetic f i e l d .  

5 .  There should  be a p rov i s ion  f o r  observ ing  
t h e  f l u o r e s c e n t  l i g h t  pe rpend icu la r  t o  t h e  
d i r e c t i o n  of t h e  i n c i d e n t  l i g h t .  

A l l  o f  t h e  above c o n d i t i o n s  a r e  found to  be 
s a t i s f a c t o r i l y  f u l f i l l e d  a f t e r  a t es t  of t h e  
performance of t h e  completed c r y o s t a t .  Pre- 
l imina ry  obse rva t ions  of t h e  photoexci ted  
nap tha lene  i n  durene c r y s t a l  have been found 
t o  ag ree  i n  a l l  d e t a i l s  w i th  t h e  s p e c t r a  o r i g i -  
n a l l y  observed by C.  A .  Hutchison, Jr. and B. 
W. Mangum i n  t h e i r  p ionee r ing  work ( R e f .  I ) .  
More obse rva t ions  a r e  be ing  made t o  check t h e  
f e a s i b i l i t y  of d e t e c t i n g  t h e  e l e c t r o n  s p i n  
resonance ( exc i t ed  by microwaves a s  before)  by 
measuring t h e  change i n  i n t e n s i t y  o f  t h e  c i r c u -  
l a r l y  po la r i zed  component of t h e  phosphorescent 
l i g h t  emission. 

FUTURE PLANS 
Work is con t inu ing  on t h i s  p r o j e c t .  Ef- 

f o r t s  w i l l  be made t o  observe  t h e  paramagnetic 
spectrum of t h e  lowest e x c i t e d  t r i p l e t  s t a t e  of 

c r y s t a l .  I f  t h e  l i f e t i m e  of t h i s  molecule 
proves too s h o r t  t o  use paramagnetic d e t e c t i o n ,  I 

microwave pumping and o p t i c a l  d e t e c t i o n  w i l l  be 
I used  t o  examine t h e  resonance. An a t t empt  

w i l l  a l s o  be made t o  observe  a Zeeman double 
quantum t r a n s i t i o n  i n  a naphtha lene  molecule 
imbedded i n  a durene host c r y s t a l .  

t h e  an thracene  molecule i n  a t e r p h e n y l  hos t  1 

I 
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A 

THETA-PINCH PLASMA SOURCE 
Most plasma s o u r c e s  used f o r  i n j e c t i o n  and 

confinement s t u d i e s  have one or more undes i r -  
a b l e  f e a t u r e s :  (a) t h e  i m p u r i t y  l e v e l  is 
too h igh ,  (b) t h e  n e u t r a l  gas content of the 
plasma is too l a r g e ,  o r  (c )  t h e  plasma h a s  a 
long ,  low-energy component. Experiments are 
be ing  cont inued  wi th  a s m a l l  f a s t  the ta -p inch  
u s i n g  programmed magnetic f i e l d s  to produce a 
dense ,  ho t  plasma which, hopefu l ly ,  w i l l  no t  
be as s e r i o u s l y  t roub led  by t h e s e  disadvan- 
t a g e s .  The gun ' s  c o n f i g u r a t i o n  and p r i n c i p l e s  
o f  o p e r a t i o n  have been desc r ibed  i n  a previous  
q u a r t e r l y  report (Ref. 1 ) .  

SUMMARY 
The gun p rev ious ly  desc r ibed  h a s  been 

modi f ied  to  improve p r e i o n i z a t i o n ,  reduce  t h e  
n e u t r a l  gas  ahead of t h e  ou tpu t  plasma, and t o  
improve t h e  magnetic gu ide  f i e l d .  The gun now 
produces a s i n g l e  s h o r t  p u l s e  o f  helium plasma 
wi th  a maximum v e l o c i t y  of 4 x lo7  cm/sec, and 
a maximum t r a n s v e r s e  energy d e n s i t y  (17.5 c m  
from t h e  p inch  reg ion)  o f  0.3 J / c m .  Shot-to- 
s h o t  r e p r o d u c i b i l i t y  is p r e s e n t l y  u n s a t i s f a c -  
t o r y .  Magnetic probe and photographic  measure- 
ments  i n d i c a t e  t h a t  t h e  plasma may become un- . 
s t a b l e  as i t  l eaves  t h e  p inch  r eg ion  and may 
h i t  t h e  w a l l  between t h e  gun and guide  f i e l d .  
An i n s t a b i l i t y  or w a l l  c o n t a c t  could  e a s i l y  re- 
s u l t  i n  t h e  poor r e p r o d u c i b i l i t y  and also re- 
duce o u t p u t .  

FUTURE PLANS 
The immediate concern is wi th  t h e  l a c k  o f  

r e p r o d u c i b i l i t y  of ou tpu t  between s u c c e s s i v e  
f i r i n g s  of t h e  gun and whether t h i s  r e s u l t s  
from an i n s t a b i l i t y  or w a l l  con tac t .  I n  addi- 
t i o n ,  a con t inu ing  e f f o r t  w i l l  be  made: (a )  
t o  f i n d  t h e  c o n d i t i o n s  f o r  maximum energy out -  
p u t  w i th  minimum pu l se  l e n g t h ,  and (b) to de- 
te rmine  t h e  plasma d e n s i t y ,  t empera ture ,  and 
t o t a l  energy more accura t e ly .  An i o n  and pho- 
t o n  energy ana lyze r  has  been b u i l t  and w i l l  be 
i n s t a l l e d  i n  t h e  nex t  q u a r t e r .  A comparison 
between t h e  a c t u a l  ou tpu t  and t h e  o u t p u t  pre- 
d i c t e d  by a French hydromagnetic model (Ref. 
2) has  been s t a r t e d .  

DISCUSSION 

l o n g i t u d i n a l  magnetic f i e l d  o f  s e v e r a l  k i l o -  
gauss ,  i t  produced a s i n g l e  s h o r t  p u l s e  w i t h  a 

When t h e  the ta -p inch  gun w a s  f i r e d  i n t o  a 

DISTANCE (Z) FROM GUN (centimeters) 

Fig,  1 Plasma Position along Guide Field versus Time. (76587) 

o v = 0.8 107 C M ~ C  

DISTANCE (Z) FROM GUN (centimeters) 

Fig.  Z Piasma Position aiong Guide Fieid versus Time. (76588) 

t h e r e  w e r e  i n d i c a t i o n s  t h a t  t h e  plasma w a s  
h i t t i n g  t h e  w a l l  between t h e  gun and guide  
f i e l d  and l i m i t i n g  its ou tpu t .  The gun w a s  
modified t o  remove t h i s  and o t h e r  p o s s i b l e  
sou rces  of t r o u b l e .  I n  a d d i t i o n ,  t h e  method 
of Q r e i o n i z a t i o n  w a s  chanced from an  a x i a l  d i s -  
charge  t o  a low-energy d i scha rge  through t h e  
p inch  coils preceding  t h e  main d i scha rge ,  t h e  
d i s t a n c e  from the  gas valve to the  pinch r e g i o n  

maximum v e l o c i t y  of l o 7  cm/sec, a maximum 
t r ansve r se  energy density of 0.25 J / c m ,  and a 

7 "  

p a r t i c l e  dens i ty  of on ly  10LL/cc.  Although w a s  decreased ,  and- the  g a s  va lve  p o w e r  Supply 
t h i s  ou tpu t  w a s  two t o  fou r  t i m e s  g r e a t e r  t h a n  w a s  improved. A l a r g e r ,  more uniform guide  
t h e  o u t p u t  of a s i n g l e  co i l  c o n i c a l  p inch  gun f i e l d  w a s  a lso added. So f a r ,  t h e s e  changes 
having 80 percen t  of t h e  energy of bo th  c o i l s ,  have only  produced a s l i g h t  i n c r e a s e  i n  ou tpu t .  
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The ou tpu t  is s t i l l  c r i t i c a l l y  dependent on t h e  
i n i t i a l  gas  p re s su re  and is f a r  from repro-  
duc ib l e .  Magnetic probe measurements i n d i c a t e  
t h a t  t h e  plasma may s t i l l  be too c l o s e  t o  or 
h i t t i n g  t h e  wall between t h e  gun and guide  
f i e l d .  High-speed photography i n d i c a t e s  t h a t  
t h e  plasma m a y  be u n s t a b l e  a s  it l e a v e s  t h e  
p inch  r eg ion .  

gu ide  f i e l d  versus  t i m e  de r ived  from one o f  
t h e  f a s t e s t  and narrowest ou tpu t  p u l s e s  meas- 
ured. A t  l oop  A (17 .5  c m  from t h e  p inch  
reg ion)  t h e  plasma has  a maximum t r a n s v e r s e  
energy d e n s i t y  of 0.3 J / c m ,  which dec reases  t o  
0.03 S/cm a t  loop E (57 .5  c m  from t h e  p inch  
r eg ion ) .  The t o t a l  t r a n s v e r s e  energy and 
energy d e n s i t y  dec rease  by about  2 : l  between 
loops  B and D (a d i s t a n c e  of 20 cm). F igu re  
2 is a s i m i l a r  p l o t  f o r  a more t y p i c a l  ou tpu t .  

F igure  1 is a p l o t  of d i s t a n c e  a long  t h e  

I t  is s lower ,  l onge r ,  and has  a lower energy 
d e n s i t y ,  bu t  more t o t a l  t r a n s v e r s e  energy. 
The r e l a t i v e  shapes  of t h e  measured magnetic 
l oop  s i g n a l s  are shown on  each  f i g u r e .  

i n t e r a c t i o n ,  i n s t a b i l i t y ,  or v a r i a b l e  g a s  in-  
pu t  is r e s p o n s i b l e  f o r  t h e  l a c k  of repro-  
d u c i b i l i t y  between s h o t s .  
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HYPERSONIC GUN TUNNEL 
The hypersonic  gun t u n n e l  is a r e l a t i v e l y  

i n e x p e n s i v e  means f o r  p r o v i d i n g  uncontaminated 
a i r  f l o w s  s u i t a b l e  f o r  t e s t i n g  hypersonic  r a m -  
j e t  i n l e t  models.  The a p p a r a t u s  u s e s  unhea ted ,  
h igh-pressure  g a s  to  compress a smaller volume 
of  a i r  t o  h igh  tempera tures  and p r e s s u r e s  by 
means of b o t h  shock wave and i s e n t r o p i c  f low 
p r o c e s s e s .  The e n g i n e e r i n g  a p p l i c a t i o n  to  in-  
l e t s  is of  immediate i n t e r e s t ;  however, t h e  
i n s t r u m e n t s  can  a lso be used as  a r e s e a r c h  t o o l  
f o r  i n v e s t i g a t i n g  fundamental  f low problems, 
boundary-layer  i n t e r a c t i o n ,  f low n e a r  t h e  lead-  
i n g  edge of  b l u n t  b o d i e s ,  and c o n f i g u r a t i o n  
problems a t  high Mach numbers. 

SUMMARY 
The m a j o r i t y  of t h e  tests d u r i n g  t h i s  p e r i -  

od w e r e  p r e l i m i n a r y  s t u d i e s  of  t h e  f low about  
d i f f e r e n t  c o n f i g u r a t i o n s  f o r  t h e  purpose of  de- 
v e l o p i n g  f u t u r e  t e s t i n g  techniques .  These 
tests have, i n  themselves ,  p rovided  u s e f u l  in -  
format ion .  I n  one s u c h  r u n ,  a p l e x i g l a s s  wedge 
(11.5’ wedge a n g l e ,  0.002-inch l e a d i n g  edge) 

w a s  t e s t e d  t o  de te rmine  t h e  f e a s i b i l i t y  of us- 
i n g  such  m a t e r i a l s  f o r  i n l e t  models.  Examina- 
t i o n  of t h e  wedge a f t e r  t h e  r u n  i n d i c a t e d  no 
measurable  d i f f e r e n c e  i n  l e a d i n g  edge t h i c k -  
n e s s ,  b u t  a s l i g h t  d i s c o l o r a t i o n  w a s  no ted  on  
t h e  compression s u r f a c e  downstream of S t a t i o n  
2 (F ig .  1 ) .  The s c h l i e r e n  photo (Fig.  1) a l s o  
shows a d e f i n i t e  t h i c k e n i n g  of t h e  boundary 
l a y e r  downstream o f  t h i s  s t a t i o n ,  s u g g e s t i n g  
a t r a n s i t i o n  from laminar  to  t u r b u l e n t  flow. 
T h i s  is f u r t h e r  borne o u t  by t h e  comparison of 
t h e  l o c a l  Mach number and Reynolds number a t  
S t a t i o n s  2 and 2.5 w i t h  t h e  t r a n s i t i o n  Rey-  
nolds number d a t a  of  Ref. 1 (Fig .  2 ) .  

i n t e r a c t i o n  between an  i n c i d e n t  shock wave and 
a laminar  boundary l a y e r .  The i n t e r s e c t i o n  of 
t h e  two l e a d i n g  shock waves may be s e e n  a s  w e l l  
as t h e  r e s u l t i n g  s l i p  l i n e .  The i n c i d e n t  shock 
wave s t r i k e s  t h e  boundary l a y e r  c a u s i n g  it t o  
t h i c k e n ,  and a shock is formed upstream of t h e  
i n i e r a c , t i o n .  An expans ion  o c c u r s  i n  t h e  r e g i o n  
i n  which t h e  i n c i d e n t  shock s t r i k e s  t h e  bound- 
a r y  l ayer  c a u s i n g  t h e  f low t o  t u r n  towards t h e  
s u r f a c e  and r e a t t a c h .  Another shock wave forms 
i n  t h e  r e a t t a c h m e n t  zone. Measurements i n d i -  
c a t e  an  i n t e r a c t i o n  l e n g t h  of more than  t e n  
boundary l a y e r  t h i c k n e s s e s  o r  about  20 p e r c e n t  
of t h e  d i s t a n c e  from t h e  l e a d i n g  edge t o  t h e  
beginning  of t h e  i n t e r a c t i o n .  

The d i s t u r b a n c e  o c c u r r i n g  a t  t h e  mid-chord 
p o i n t  of a cone ,  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  
p r o g r e s s  r e p o r t  (Ref. 2 ) ,  h a s  been t r a c e d  to a 
blockage e f f e c t  caused  by t h e  s t i n g  s u p p o r t .  
Replacement of  t h i s  s u p p o r t  by a s i m p l e r  d e s i g n  
having less blockage e l i m i n a t e d  t h e  d is turbance .  

F i g u r e  3 is a s c h l i e r e n  photograph of t h e  

I I 
0 PRESENT DATA 

E Y 

Fig. 1 Schlieren Photograph of 11.5’ Piexiglass Wedge 
in  Hypersonic Gun Tunnel. 
M 1 2 ,  Leading Edge Thickness 7 0.002 Inch, 
Freestream Reynolds No. 
Supply Pressure = 720 Atmospheres. (76505) 

1.3 x 10f/R, Tunnel 
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Fig. 2 Transition Reynolds Number as a Function of Mach 
Number. (This Figure Is Taken from Fig. 3 o f  
Ref. 1.) (76506) 
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Fig .  3 Schlieren Photograph of Incident Shock Wave-Laminar 
Boundary Layer  Interaction i n  Hypersonic Gun Tunnel. 
M a c h =  12. Leading Edge Thickness of F l a t  P l a t e r  
0.009 Inch, Leading Edge Thickness of Shock 
Generator '= 0 . 0 1 2  Inch, Free-Stream Reynolds 
Number= 1.1 x 1 0 6 / f t ,  Tunnel Supply Pressure = 
480 atmospheres. (76507) 

FUTURE PLANS 

The f a b r i c a t i o n  of t h e  contoured  n o z z l e  
s h o u l d  be completed and c a l i b r a t i o n s  under  way. 
F u r t h e r  s t u d i e s  of  i n l e t  models and o t h e r  b a s i c  
s h a p e s  w i l l  be cont inued  u s i n g  t h e  p r e s e n t  noz- 
z l e .  

BACKGROUND 

The gun t u n n e l  is a r e l a t i v e l y  inexpens ive  
means of d b t a i n i n g  f lows  w i t h  an e n t h a l p i c  
c o n t e n t  g r e a t e r  than  a v a i l a b l e  i n  a conven- 
t i o n a l  wind tunnel .  Although a shock t u n n e l  is 
c a p a b l e  of  even h i g h e r  e n t h a l p i e s ,  t h e  gun tun- 
n e l  has  longer  t e s t i n g  t imes  t h a n  a r e  a v a i l a b l e  
i n  a shock tunnel  (2-40 m i l l i s e c o n d s  v e r s u s  t h e  
o r d e r  of a few m i l l i s e c o n d s  i n  a shock t u n n e l ) .  
The l o n g e r  running t i m e  p e r m i t s  t h e  s t u d y  of  
phenomena r e q u i r i n g  a f i n i t e  amount of  t i m e  t o  
r e a c h  e q u i l i b r i u m  and a l l o w s  t h e  use  of more 
economical ,  commerc ia l ly-ava i lab le  instrumen- 
t a t i o n  i n  t h e  e x p e r i m e n t a l  programs. Also,  t h e  
u s e  of a p i s t o n  i n  t h e  gun t u n n e l  e f f e c t i v e l y  
s e p a r a t e s  t h e  d r i v e r  and d r i v e n  g a s e s  prevent -  
i n g  t h e  l o s s  of tes t  gas  through t h e  i n t e r f a c e  
and t h e  consequent  r e d u c t i o n  i n  t e s t  t i m e .  
These advantages  have a l r e a d y  been demonstrated 
by gun t u n n e l s  i n  o p e r a t i o n  i n  England (Refs .  
3 and 4) and Sweden (Ref. 5 ) .  

DISC U SSlO N 
One p o s s i b l e  means of de te rmining  t h e  gun 

t u n n e l  s t a g n a t i o n  tempera ture  is by measurement 

of  t h e  s t a g n a t i o n  p o i n t  h e a t  t r a n s f e r  r a t e  and 
through t h e o r y ,  e .g .  Fay-Riddel (Ref. 6), t o  
i n f e r  t h e  s t a g n a t i o n  tempera ture .  P r e v i o u s  
a t t e m p t s  t o  a p p l y  t h i s  method u s i n g  t h i n  f i l m  
r e s i s t a n c e  gauges made of  p la t inum were unsuc- 
c e s s f u l .  T h i s  f a i l u r e  was a t t r i b u t e d  t o  t h e  
h i g h  f i l m  t e m p e r a t u r e s  which o c c u r r e d  by v i r t u e  
of  t h e  l o n g e r  t u n n e l  running  t i m e  and h i g h  h e a t  
t r a n s f e r  ra tes  and e r o s i o n  of t h e  gauge. For  
t_his r e a s o n ,  subsequent  e f f o r t s  have been d i -  
r e c t e d  towards development of  a r e s i s t a n c e  
c a l o r i m e t e r  employing 0.001-inch p la t inum f o i l .  
Even i n  t h i s  case, t h e  f o i l  t e m p e r a t u r e s  are 
s u f f i c i e n t l y  h igh  t o  r e q u i r e  d e t a i l e d  c a l i -  
b r a t i o n  t o  o b t a i n  such  p r o p e r t i e s  as  t h e r m a l  
c o n d u c t i v i t y ,  s p e c i f i c  h e a t ,  and t h e  t h e r m a l  
c o e f f i c i e n t  of  r e s i s t a n c e  a t  t e m p e r a t u r e s  above 
100°C. These c a l i b r a t i o n s  are p r e s e n t l y  under  
way. 

The s c h l i e r e n  s y s t e m  h a s  been a d a p t e d  f o r  
u s e  w i t h  a high-speed motion p i c t u r e  camera.  
To avoid  t r i g g e r i n g  d i f f i c u l t i e s ,  t h e  double-  
diaphragm t e c h n i q u e  d e s c r i b e d  i n  Ref .  7 w a s  
used .  N o  s e r i o u s  d i f f i c u l t i e s  were encountered  
w i t h  t h i s  method. 
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Section VI 
SPECIAL LABORATORIES 

Environmental Test Laboratory Operation-- 
The Environmental T e s t  Laboratory is equipped 
with a wide var iety  of vibrational ,  thermal, 
and vacuum equipment for  studying environ- 
mental e f f e c t s  on t h e  performance o f  m i s s i l e s  
and s a t e l l i t e s  and t h e i r  components. Recent- 
l y ,  the mechanical s t a b i l i t y  of the  10,000- 
pound-force v ibrat ion t e s t  equipment was i m -  
proved ( V I / 2 ) .  
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SPEC I AL LA BORATORI ES V li2 
Environmental  Test Laboratory Operation YlFBBE 
Support: Bulveps on a UseiCost Basis 
I. B. I r v i n g  
Apr i l  - June 1965 

ENWIRONMENTAL TEST LABORATORY 

i 

The Environmental  T e s t  Labora tory  (ETL) 
s u p p o r t s  t h e  e n g i n e e r i n g  development and 
f l i g h t - t e s t i n g  program f o r  missiles and s a t e l -  
l i t e s  a t  APL and conducts  r e s e a r c h  and de- 
velopment work i n  i n s t r u m e n t a t i o n  r e l a t e d  t o  
envi ronmenta l  s i m u l a t i o n ,  t e s t i n g  , and pro- 
t ec t  ion .  

SUMMARY 

The mechanica l  s t a b i l i t y  of t h e  10,000- 
pound f o r c e  v i b r a t i o n  test f a c i l i t y  has  been 
improved. An 80.000-pound r e i n f o r c e d  con- 
c r e t e  mass was poured a s  a base  mount f o r  t h e  
s h a k e r  and a new "Team" h o r i z o n t a l  v i b r a t i o n  
t a b l e .  The new t a b l e  r e d u c e s  t h e  mechanical  
c r o s s  c o u p l i n g  t o  t h e  i t e m  under t es t  by a 
s u b s t a n t i a l  amount, t h e r e b y  improving t h e  ac-  
curacy  o f  v i b r a t i o n  s i m u l a t i o n  and  i n c r e a s i n g  
t h e  a b i l i t y  t o  measure t h e  e f f e c t s  of  un i -  
l a t e r a l  specimen s i m u l a t i o n .  T h i s  i n c r e a s e d  
s t a b i l i z a t i o n  of t h e  sys tem is a p r o t e c t i o n  
t o  t h e  f a c i l i t y  and a l s o  t o  t h e  i t e m s  under  
t e s t .  

FUTURE PLANS 

F u t u r e  p l a n s  f o r  t h e  v i b r a t i o n  l a b o r a t o r y  
i n c l u d e  t h e  m o d i f i c a t i o n  of t h e  au tomat ic  
spectrum d e n s i t y  e q u a l i z e r - a n a l y z e r  f o r  more 
r e l i a b l e  o p e r a t i o n  i n  random v i b r a t i o n  t e s t -  
i n g  and a n  i n c r e a s e  from 12 c h a n n e l s  t o  36 
channels  o f  v i b r a t i o n  d a t a  r e c o r d i n g  i n s t r u -  
menta t ion  f r o m  t h e  T e s t  Labora tory  t o  t h e  
BID Data P r o c e s s i n g  C e n t e r .  P l a n s  f o r  t h e  
space  s i m u l a t i o n  c e n t e r  i n c l u d e  p r o p o r t  i o n a t e  
tempera ture  c o n t r o l s  f o r  more a c c u r a t e  o r b i t a l  
hea t  f l u x  exchange s i m u l a t i o n .  

BACKGROUNG 

t i n u a l l y  r e v i s i n g  its t e s t  procedures  and 
p r a c t i c e s  t o  keep a b r e a s t  of t h e  s t a t e - o f - t h e -  
a r t .  I t  is equipped t o  perform package l e v e l  
and payload t e s t i n g  on s a t e l l i t e s  i n  t h e  simu- 
r a ~ e d  environments  of s p a c e ,  l aunching ,  shock,  
v i b r a t i o n ,  and  a c c e l e r a t i o n .  These same in-  
s t r u m e n t s  are a l s o  used i n  t h e  t e s t i n g  of  com- 
ponents  and sys tems f o r  t h e  Talos ,  T e r r i e r ,  
and S t a n d a r d  Missile programs. Ins t rumenta-  
t i o n  i n c l u d e s  l i n e s  t o  t h e  APL Ground S t a t l o n  
f o r  t a p e  r e c o r d i n g s  and d a t a  a n a l y s i s .  

REVIEW OF INSTALLATIONS AND EXPERIMENTS 
The "Team" t a b l e  now i n s t a l l e d  and i n  op- 

e r a t i o n  is shown connected t o  t h e  10,000 pound 
force v i b r a t o r  i n  F ig .  1. V i b r a t i o n  test 
s p e c i f i c a t i o n s  r e q u i r e  t h a t  a specimen be v i -  
b r a t e d  a l o n g  e a c h  of three mutua l ly  perpen-  
d i c u l a r  a x e s .  The s i z e  and shape  of t h e  u n i t s  
t o  be t e s t e d  r e s t r i c t  t h e  u s e  of  t h e  head o f  

The Environmental  T e s t  Labora tory  is con- 

7 - L  

Fig. I Team Table Connected to 10,000 Pound Force 
Vibrator. (76530)  

Fig. 2 Pit Being Filled wit!? Concrete. !76531! 

t h e  s h a k e r  i n  its normally v e r t i c a l  p o s i t i o n  
TO v i b r a t i o n  a long  o n l y  one a x i s .  The s l i p -  
pery t a b l e  ("Team"), p l a c e d  i n  f r o n t  of  t h e  
shaker  o p e r a t i n g  a t  90-  f r o m  the v e r t i c a l ,  
permi ts  t h e  t e s t i n g  of  l ayge  o r  heavy s p e c i -  
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mens. The disadvantage of p rev ious ly  used 
s y s t e m s  of t h i s  type  were low frequency reso-  
nances caused by i n s t a b i l i t y  i n  t h e  mounting 
and a long  coupl ing  l i n k  between shaker  and 
s l i p  t a b l e  as  well  a s  high amplitude mechani- 
c a l  c r o s s  v i b r a t i o n  o f  t h e  s l i p  t a b l e  i t s e l f .  
The new u n i t  has been p laced  on an i n t e g r a l  
mount w i th  t h e  shaker .  Th i s  mount is i s o l a t e d  
from t h e  surrounding f l o o r  and c o n s i s t s  of a 
mass of concre te  and r e i n f o r c i n g  steel  6 f e e t  
deep weighing approximately 80,000 pounds. 
Th i s  p i t ,  be ing  f i l l e d  wi th  conc re t e  is shown 
i n  Fig.  2. 

The t r a c k s  of t h e  Team t a b l e  have a 0 .001  
inch  c l ea rance  and r ide  on a s l i c k  of o i l  in- 

j e c t e d  a t  about  3000 p s i .  The n a t u r a l  f r e -  
quency of t h e  system was measured wi th  a b a l -  
anced 100-pound load. I t  r e s o n a t e s  a t  1750 c p s  
showing a mechanical g a i n  of 6 v e r t i c a l l y  and 
1.5 h o r i z o n t a l l y .  This  frequency w i l l  s h i f t  
s l i g h t l y  (1250 t o  1900 c p s )  w i th  v a r i a t i o n s  i n  
load  and ba lance ,  b u t  t h e  mechanical ampl i tudes  
of t h e  c r o s s  coupl ing  w i l l  s t a y  reasonably  con- 
s t a n t .  No measurable l o w  frequency (below 100 
c p s )  cross movement was observed. 

This  t a b l e  w a s  f i r s t  used near  t h e  end of 
June t o  test  t h e  380-pound GEOS s a t e l l i t e  pro- 
t o type  u n i t  w i th  e x c e l l e n t  r e s u l t s .  Its use is 
planned f o r  a l l  f u t u r e  s a t e l l i t e s .  
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Section VI1 
SPECIAL ASSIGNMENTS 

Advanced ALBIS--The s t a t i s t i c a l  problem of  
d e t e c t i n g  t a r g e t s  i n  t h e  background of re- 
c e i v e r  n o i s e  and s u r f a c e  clutter has  been 
so lved  a n a l y t i c a l l y ,  and the  numerical  so lu-  
t i o n s  of t h e  r e s u l t i n g  complicated mathemati- 
cal express ions  have been obtained f o r  a num- 
ber  of i m p o r t a n t  s p e c i f i c  cases  (VII/2). 

Plasma Dynamics Research--Fabricat ion  of 
p a r t s  f o r  c o n s t r u c t i o n  o f  the mul t ipo le  f i e l d  
i n  which to  conf ine  a plasma flow and i n v e s t i -  
g a t e  its i n t e r a c t i o n  with t h e  f i e l d  is n e a r l y  
complete (VII/4). 
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SPECIAL ASSIGNMENTS VI 112 
Advanced ALBl S Z12BBD 
Support: ARPA 
E. Shotland 
April - June 1965 

STUDIES OF TARGET DETECTION BY 
PULSED RADAR IN A BACKGROUND 
OF SEA CLUTTER 

The d e t e c t i o n  of t a r g e t s  i n  the  background 
of land  or s e a  c l u t t e r  c o n s t i t u t e s  one of t h e  
most d i f f i c u l t  problems of s e a r c h  r a d a r s .  I n  
a l l  cases where t h e  r e l a t i v e  t a r g e t  ve r sus  
r a d a r  v e l o c i t i e s  d i f f e r  markedly from the rela- 
t i v e  s c a t t e r e r  ve r sus  r ada r  speeds ,  doppler  
methods and MTI t echniques  can b e  s u c c e s s f u l l y  
a p p l i e d  t o  d i s c r i m i n a t e  t h e  t a r g e t  from its 
background. However, whenever t h e  r e l a t i v e  
t a r g e t  ve r sus  r a d a r  v e l o c i t y  occurs  a t  r i g h t  
a n g l e s  t o  t h e  l i n e  of sight--a s i t u a t i o n  o f t e n  
encountered  when t h e  t a r g e t  f l i e s  s t r a i g h t  up-- 
t h e  c i t e d  methods do not  he lp .  Moreover, no 
appropr i a t e  theory  is a v a i l a b l e  by means o f  
which t h i s  s t a t i s t i c a l l y  d i f f i c u l t  problem can 
be  s a t i s f a c t o r i l y  analyzed. The e f f o r t s  o f  t h e  
p re sen t  work w e r e  directed toward f i l l i n g  t h i s  
gap of knowledge. 

SUMMARY AND CONCLUSIONS 
The s t a t i s t i c a l  problem o f  target d e t e c t i o n  

i n  t h e  background o f  r e c e i v e r  n o i s e  and s u r f a c e  
c l u t t e r  was s o l v e d  i n  a n a l y t i c a l  form (Refs. 1' 
and 2). The mathematical  expres s ions  o f  the 
r e s u l t s  are q u i t e  compl ica ted  and cumbersome, 
and a g r e a t  d e a l  of numerical  work is necessary  
f o r  o b t a i n i n g  p r a c t i c a l  da ta .  Th i s  j o b  has  
been accomplished f o r  s p e c i f i c ,  important c a s e s  
(F igs .  1, 2,  3, and 4) .  

FUTURE PLANS 
It  is planned t o  con t inue  t h e  a n a l y t i c a l  

and computa t iona l  work p e r t a i n i n g  t o  t h e  gen- 
e r a l  c a s e  o f  r a d a r  d e t e c t i o n  i n  t h e  background 
of c l u t t e r  and t o  compile t h e  r e s u l t s  i n  tabu- 
l a r  and g r a p h i c a l  form. Th i s  in format ion  w i l l  
be documented i n  a n  APL report. 

BACKGROUND 
J. I. Yarcum i n  a classical paper (Ref. 3) 

a p p l i e d  t h e  s t a t i s t i c a l  method of Neyman- 
Pearson t o  t h e  r a d a r  d e t e c t i o n  theory .  The 
b a s i c  o b j e c t i v e  of t h i s  method is t o  provide  a n  
optimum c r i t e r i o n  f o r  t e s t i n g  a s t a t i s t i c a l  hy- 
po thes i s .  I n  t h e  search- radar  case, t h e  suppo- 
s i t i o n  t o  b e  examined is: "a h o s t i l e  t a r g e t  is 
present . "  Yarcum so lved  t h e  problem f o r  tar-  
g e t s  o f  f i x e d  magnitude i n  t h e  environment of 
f l a t ,  wide-band r e c e i v e r  no ise .  P. Swerling 
(Ref. 4) extended Yarcum's theo ry  t o  f ad ing  
t a r g e t s .  The l a t t e r  are c l a s s i f i e d  i n t o  fou r  
c a t e g o r i e s  by means o f  two p r o p e r t i e s :  t i m e  
r a t e  of f a d i n g  and s t a t i s t i c a l  d i s t r i b u t i o n  of 
s i g n a l  magnitude. 

However, i n  gene ra l ,  c l u t t e r  gene ra t e s  its 
own c h a r a c t e r i s t i c  power spectrum which behaves 
n e i t h e r  l i k e  a f ad ing  t a r g e t  nor l i k e  f l a t  re- 
c e i v e r  no ise .  Therefore ,  the Yarcum-Swerling 
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Fig. 1 Threshold Setting N 1 i n  Terms of Mean Square Input 
Noise versus F a l s e h a r m  Probability (Pfa) for Various 
Z. (76549) 
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Fig. 2 Threshold Setting (V 1 in terms of Mean Square Input 
Noise versus False-t$larm Probability (Pfa) for Various 
Clutter Spectra. (76550) 

t h e o r i e s  a r e  not s t r i c t l y  a p p l i c a b l e  t o  the  en- 
vironment of c l u t t e r .  

DISCUSSION 

I n  t h e  p re sen t  work, a gene ra l  t h e o r e t i c a l  
model of s e a r c h  r a d a r  i n p u t s  is in t roduced  
which c o n t a i n s  t h e  f i v e  Marcum-Swerling cate- 
g o r i e s  as  s p e c i a l  ca ses .  L e t  K r e p r e s e n t  any 
gene ra l  t ype  o f  input .  I n  a p a r t i c u l a r  ca se  
r e f e r e n c e  is made t o  one or m o r e  t a r g e t s ,  re- 
c e i v e r  no i se ,  l and  c l u t t e r ,  sea c l u t t e r ,  etc. 
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Fig.  3 Detection Probability (Pd) for Target Signal (S) and 
Total Noise (N). (76551) 

Fig. 4 Detection Probability (Pd) versus Target Signal and 
Sea Clutter for Various Clutter Spectra. (76552) 

Then t h e  genera l  input  model can  be cha rac t e r -  
i z e d  by a s e t  of  coupled numbers: 

, (NK, n,), - - - - - - . _ _ _ - - -  
The f i r s t  number, NK, e s s e n t i a l l y  r e f e r s  t o  t h e  
s p e c t r a l  width of  t h e  o b j e c t  ( t ime ra te  of  fad- 
i n g ) ;  t h e  second number nK p e r t a i n s  t o  its 
type  of  s i g n a l  power d i s t r i b u t i o n .  The mathe- 
m a t i c a l  problem was s o l v e d  by g e n e r a t i n g  t h e  
c h a r a c t e r i s t i c  f u n c t i o n  of  t h e  p r o b a b i l i t y  
d e n s i t y  of the t o t a l  r a d a r  s i g n a l  a t  t h e  input  
of  t h e  threshold  or decision-making device.  
Besides  t h e  numbers (NK, nK),  t h e  fo l lowing  
parameters  play a n  important  role .  They repre-  
s e n t  t h e  mean-square vol tage  component a t  t h e  
input  of the  d e t e c t o r :  

0; ( f o r  r e c e i v e r  no ise) ,  

0; (for t a r g e t  s i g n a l ) ,  and 

0: ( f o r  c l u t t e r ) .  

The d e r i v e d  q u a n t i t i e s  used fo l low:  

.-. 
UL 

( a  convent iona l  parameter 2- x =  
R 

02 
z =  c 

7- ( a  new c l u t t e r  parameter)  
R 

, 

Z 
02 

P =  = (an a l t e r n a t e  c l u t t e r  
02 + u2 parameter)  c R  

02 

o2 + OZ 

T 

c R  
S/N = ( t o t a l  s igna l -over -  

n o i s e  r a t i o ) .  

The f o u r  a t t ached  f i g u r e s  p r e s e n t  the r e s u l t s  
of  sample c a l c u l a t i o n s  i n  a s p e c i f i c  search-  
r a d a r  case .  The fo l lowing  a d d i t i o n a l  symbols 
a r e  used:  

N = Nc x Mc = Number of p u l s e s  i n t e g r a t e d  

Mc = Number of c o r r e l a t e d  c l u t t e r  

Nc = Number of  uncor re l a t ed  c l u t t e r  

f R  = 

dur ing  dwe 11 t i m e  , 

p u l s e s ,  

groups dur ing  dwell  t i m e ,  
Pu lse  r e p e t i t  ion  frequency, 

= C l u t t e r  bandwidth, f R  
Mc 

Afc = - 

VB = Voltage b i a s  or t h r e s h o l d  set-  
t i n g  normalized t o  t h e  t o t a l  
mean-square input  n o i s e ,  
F a l s e  a larm p r o b a b i l i t y ,  

Single-scan d e t e c t i o n  proba- 
b i l i t y .  

Pfa  = 10- 

Pd = 

The f i rs t  two f i g u r e s  d e p i c t  t h e  thresh-  
o l d  s e t t i n g  v e r s u s  t h e  fa l se-a la rm p r o b a b i l i t y  
f o r  v a r i o u s  c l u t t e r  parameters ;  the  l a s t  two 
f i g u r e s  show t h e  d e t e c t i o n  p r o b a b i l i t y  v e r s u s  
S/N r a t i o  f o r  v a r i o u s  c l u t t e r  parameters .  
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PLASMA FLOW IN A MULTIPOLE FIELD 
The flow of i o n i z e d  gas  (plasma) and its 

i n t e r a c t i o n  wi th  magnetic f i e l d s  are b a s i c  
areas of plasma research .  Cont ro l  of the  s t a t e  
of  t h e  plasma, its d i r e c t i o n  of flow, and its 
p u r i t y  are among t h e  broad a p p l i c a t i o n s  of  
knowledge i n  t h e s e  a reas .  S p e c i f i c a l l y ,  t h i s  
experiment is concerned wi th  measuring t h e  be- 
h a v i o r  of a plasma as it e n t e r s  and flows 
along t h e  "magnetic channel" c r e a t e d  by a 
m u l t i p o l e  magnetic f i e l d .  Measurements w i l l  
be made t o  determine changes i n  t h e  d e n s i t y  and 
energy o f  t h e  plasma as it moves down t h e  f i e l d  
and t o  determine l o c a l  plasma-f ie ld  i n t e r a c -  
t i o n s ,  i . e . ,  electric f i e l d s ,  evidence of tur-  
bu len t  f low,  and l o s s  of p a r t i c l e s  from t h e  
stream. 

SUMMARY AND CONCLUSIONS 
F a b r i c a t i o n  of p a r t s  f o r  t h e  mul t ipo le  

f i e l d  assembly is near ly  completed. F i n a l  
assembly w i l l  begin once a l l  p a r t s  a r e  a v a i l -  
a b l e .  Continued s tudy  of t h e  c o n i c a l  gun has 
inc luded  s e t t i n g  up t h e  computation o f  plasma 
parameters  from magnetic loop d a t a .  I n i t i a l  
a t tempts  f o  f i n d  correspondence of experimen- 
t a l  d a t a  wi th  t h e s e  computations have been suc- 
c e s s f u l .  

FUTURE PLANS 
Measurement of  t h e  c o n i c a l  theta-pinch gun 

performance w i l l  cont inue .  Once f a b r i c a t i o n  o f  
t h e  m u l t i p o l e  f i e l d  is completed,  tests of the 
f i e l d  and its p o w e r  supply w i l l  be c a r r i e d  o u t .  
When t h e  gun and t h e  mul t ipo le  f i e l d  are ready,  
s t u d i e s  w i l l  be made of the  plasma flow i n  t h i s  
f i e l d  a t  s e v e r a l  d e n s i t y - p a r t i c l e  energy condi- 
t i o n s .  I f  necessary ,  t h e  theta-pinch gun w i l l  
be used t o  extend t h e  a v a i l a b l e  range of condi- 
t i o n s .  

DISCUSSION 

The m u l t i p o l e - f i e l d  assembly has been de- 
s igned  and m o s t  o f  its p a r t s  f a b r i c a t e d  (Fig.  
1 ) .  The o u t e r  vacuum w a l l  w i l l  be g l a s s ,  per- 
m i t t i n g  d i r e c t  o p t i c a l  measurements i n  t h e  
plasma region.  The main conductors  are o f  
aluminum. This  c h o i c e  of material  w a s  made 
i n  favor  of t h e  g r e a t e r  y i e l d  s t r e n g t h  of 
aluminum as a g a i n s t  t h e  approximately 25 per- 
c e n t  less s k i n  depth f o r  copper conductors .  
Power f o r  t h e  m u l t i p o l e  f i e l d  w i l l  come from 
20 kv c a p a c i t o r s  coupled t o  t h e  f i e l d  conduc- 
t o r s  through a step-down t ransformer .  The 
t ransformer  and . c a p a c i t o r s  are on hand and w i l l  
be t e s t e d  w i t h  t h e  mul t ipo le  f i e l d  assembly 
when i t  is a v a i l a b l e .  

Concurrent ly ,  t h e  c o n i c a l  gun has  been un- 
d e r  s tudy  t o  determine its c h a r a c t e r i s t i c s ,  
such as plasma temperature ,  d e n s i t y ,  v e l o c i t y ,  
etc. A crowbar c i r c u i t  has  been added to  t h e  
gun s i n c e  t h e  las t  r e p o r t .  T h i s  prevents  cur- 
r e n t  r e v e r s a l  a f t e r  t h e  second h a l f  cycle. 
This  then provides  one primary plasma puff 
which, i t  has been determined, l e a v e s  t h e  gun 
near  t h e  second c u r r e n t  maximum. 

The a n a l y s i s  be ing  c a r r i e d  o u t  to d e t e r -  
mine plasma parameters  fol lows c l o s e l y  t h e  work 
of Waelbroeck e t  a1 (Refs.  1 and 2) where t h e  
plasma is considered to  obey t h e  hydromagnetic 
equat ions  and have a Gaussian-l ike d i s t r i b u -  
t i o n  of  l i n e a r  p a r t i c l e  d e n s i t y .  From t h e  
s i g n a l s  induced by t h e  plasma i n  magnetic 
loops  a s  it passes  a long t h e  f i e l d  of a s o l e -  
noid,  t h i s  m o d e l  a l l o w s  t h e  e x t r a c t i o n  of t h e  
above mentioned parameters .  

In an i n i t i a l  t e s t  of t h i s  model, a t h i r d  
ha l f -cyc le  plasma puff  was analyzed.  Em: 
phas iz ing  aga in  t h a t  t h e s e  d a t a  are only pre- 
l iminary ,  i n d i c a t i o n s  a r e  t h a t  t h e  f i t s  t o  the  
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Fig. 1 Multipole Field Apparatus. (76557) 
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data are good. Some order of magnitudes are 
listed below: 

Tion = 30,00O0K, 
6 vo = 7.2 x io cm/sec, and 

n = - 
where : 

Tion = ion temperature, 

Yo 
n = number density of ions. 

= velocity of center of mass of puff, 
and 

In the experiment to be performed, the ~ c -  
- ond half-cycle puff will be used, and it is ex- 
petted that, because of the presence of trapped 

field, this puff should have considerably high- 
er temperature than the above mentioned, while 
the velocity of the center of mass should be 
smaller by a factor of approximately two. 

carried out with the aid of a computer, and 
only preliminary results are now available. 
When this work is completed, an attempt will be 
made to extend this method to the more com- 
plicated configuration of the multipole field. 

A large portion of this analysis has been 
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